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Small RNAs (sRNAs) regulate growth and development and maintain genome integrity 
through their control of gene expression and silencing of transposable elements (TEs).  We 
hypothesized that investigating changes in sRNA accumulation following hybridization in maize 
would provide insight into mechanisms contributing to hybrid vigor in plants.  We used Illumina 
sequencing to assess how sRNA populations vary between two maize inbred lines (B73, Mo17) 
and their vigorous hybrid (B73 x Mo17).  We sampled sRNAs from the seedling shoot apex and 
the developing ear, two rapidly growing tissues that program the greater growth of maize 
hybrids. 
In plants, sRNAs can be grouped into three functionally distinct classes based on their 
lengths of 21, 22, or 24 nucleotides (nt), and our studies provided insights into how the activities 
of each of these classes are impacted by hybridization.  MicroRNAs (miRNA) are typically 21-nt 
and often regulate plant growth, but we found that hybridization does not significantly alter 
miRNA accumulation.  One miRNA that does show genotypic variation is microRNA172 
(miR172), and its activity is reduced in transgenic maize plants that over-express glossy15 (gl15).  
Reducing miR172 activity in maize slows growth rate and affects harvest index by delaying 
shoot maturation and flowering time.  We found that altering the balance of gl15 and miR172 
affects the degree of hybrid vigor for reproductive and vegetative growth for three crosses, 
suggesting that miR172 activity contributes to heterosis in maize.  The most abundant class of 
sRNAs in maize are the 24-nt small interfering RNAs (siRNAs) that silence abundantly repeated 
sequences such as TEs.  In contrast to miRNAs and as observed previously in both Arabidopsis 
and rice, hybridization passes on parental differences in siRNA populations, and for those 24-nt 
siRNAs that do differ between parents, there is a trend toward downregulation following 
hybridization.  Surprisingly, hybrid vigor for B73xMo17 is fully maintained when 24-nt siRNAs 
are globally reduced by mutation of the RNA-dependent RNA polymerase2 (RDR2), which is 
encoded by modifier of paramutation1 (mop1).  However, both the degree of inbreeding 
depression and phenotypic variation are greater in F2 and F3 populations derived from the 
B73xMo17 mop1 hybrids,  suggesting that mop1 mitigates the genetic stress of inbreeding and 
that the silencing of genes and TEs by 24-nt siRNAs may contribute to trans-generational 
inheritance.  The third class of small RNAs in maize is 21-22-nt siRNAs associated with the 
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activity of a number of distinct long terminal repeat (LTR)-retrotransposon families.  These 21-
22-nt siRNAs differentially accumulate between B73 and Mo17 as well as their hybrid. 
We extended this analysis of sRNA pfamilies to 36 diverse inbred lines.  We found that 
high copy number families produce the most siRNAs and have activity in all genotypes but at 
variable levels; whereas, less active families are more likely to show strong differences in the 
presence or absence of siRNAs in specific genotypes.  Overall, the accumulation of 21-22-nt 
siRNAs is more variable across maize LTR-retrotransposon families than 23-24-nt siRNAs.  
Genetic variation for LTR-siRNAs is not strongly correlated with the genomic copy number or 
distribution of families, and is also distinct from the patterns of DNA genetic variation.  Within 
one breeding cycle, DNA and LTR-siRNA variation can change in similar or dissimilar 
directions, and divergent selection over many cycles can produce lines with different activities of 
families.  We also discovered that divergence of LTR-siRNA profiles is prominent among 
genotypes representing germplasm groups that have been artificially isolated to exploit hybrid 
vigor.  These results indicate that LTR-siRNAs contribute another component to regulatory 
diversity in complex genomes, which has the potential to regulate both TEs and genes at a 
genomic scale.  The greater diversity that maize possesses in this regulatory variation may 
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Heterosis describes the observation that offspring from crosses of diverse varieties within 
or between species display greater size, faster development, or higher fertility compared to their 
parents (Fig. 1.1).  Inbreeding depression describes the observation that mating related 
individuals leads to reduced vigor, developmental defects and health problems.  Heterosis, or 
hybrid vigor, and inbreeding depression occur in animals (Sorensen et al. 2008; Ayroles et al. 
2009), fungi (Xu 1995; Steinmetz et al. 2002), and plants (Birchler et al. 2003), but the 
phenomena are inherently linked to plants, where the impacts of planned hybridization were first 
discovered by Darwin (1876), and particularly to maize, where they were described in greater 
detail by Shull (1908) and East (1908) in the 1900s, and made useful by Jones in 1917 through 
his invention of double-cross hybrids (Crabb 1948).  The most important application of 
inbreeding followed by outcrossing was the development of hybrid maize.  The economic 
benefits of regenerating hybrid corn seed gave birth to the seed industry, while the uniformity of 
hybrid corn spurred investment in agricultural mechanization (Johnson 2007).  The success of 
hybrid maize, which contributed significantly to the five-fold increase in corn grain yields during 
the 20
th
 century (Duvick 2001), encouraged the use of heterosis in other crops and provided 
significant financial resources to further improve other crops. 
Heterosis is often viewed as simply the result of reversing the consequences of 
inbreeding, especially in species like maize, where individuals are not maintained in the inbred 
state in the wild.  Although the two share similar genetic properties, each has distinct genetic 
effects (Charlesworth and Willis 2009; Kristensen et al. 2010).  Inbreeding depression has been 
studied most extensively in animal systems because of its increased risk of disease and health 
consequences; whereas, heterosis, has been studied more in plants because of the importance of 
heterosis to crop improvement (Coors and Pandey 1999).  Overall, heterosis has received more 
attention than inbreeding depression because of a bias to studying a mechanism that results in a 
phenotypic improvement.  For example, East was initially discouraged from continuing his 
studies of inbreeding maize because his mentor decided the public’s money should not be wasted 
2 
on reducing corn yields (Crabb 1948).  However, studies into both phenomena are critical given 
their importance to agriculture and medicine and the biological insight they provide to our 
understanding of evolution.  Also, the two might share molecular properties or physiological 
signatures (Kristensen et al. 2010), possibly acting through similar biological mechanisms but in 
converse ways.   
The purpose of this review is to explain the development of the main hypothesis that 
guides this dissertation, that investigating changes in small RNA (sRNA) accumulation 
following hybridization in maize will provide novel insights into our understanding of heterosis 
in plants.  The review will discuss what is known about the genetic basis of heterosis in plants, 
particularly drawing upon studies from maize, and highlight our current understanding of the role 
of sRNAs as major regulators of gene expression in eukaryotes.  Where it is relevant, the 
information on heterosis will be compared and contrasted to what is known about the genetic 
basis of inbreeding depression. 
  
Heterosis phenotype 
Hybrid plants follow the same developmental program as their parents, typically 
maturing at the same time or slightly faster but ultimately are bigger in size in terms of biomass 
or yield.  Cell size does not underlie this change; instead, hybrids have a greater number of cells 
(East 1936; Uchimaya and Takahash 1973).  Therefore, the hybrid advantage results from 
increases in cellular proliferation within meristems and organs, which generates higher growth 
rates in the hybrids relative to their parents.  Hybrids are able to maintain this higher growth rate, 
often in spite of environmental stresses, which allows them to produce more and larger organs 
(roots, leaves, fruits, seeds) at many stages of development.  This advantage further enhances 
hybrid growth, and hence heterosis, by expanding physiological capacity for water and nutrient 
uptake, photosynthesis, and assimilate accumulation (Narang and Altmann 2001; Ahmadzadeh et 
al. 2003; Araus et al. 2010). 
In contrast to heterosis, inbreeding depression slows down cell division in plants, causing 
them to have reduced size for vegetative and reproductive biomass.  This change occurs because 
of the expression of the genetic load of deleterious alleles that become fixed in an inbred 
background.  Studies in Drosophila suggest that these deleterious alleles represent improperly 
folded proteins (Kristensen et al. 2010).  Transposable elements (TEs) may also contribute to the 
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genetic load if their silencing is modified.  TE expression is inherently linked with cell 
proliferation because TEs are actively expressed in proliferating cells in eukaryotes (Martinez 
and Slotkin 2012).  At the biochemical level, the response to the genetic load appears to be a 
stress response, as chaperones that control protein folding and metabolites that stabilize the 
confirmation of cell membranes and proteins are up-regulated in inbreds relative to hybrids.  
These observations also fit with a theory that predicts the greater growth of hybrids results from 
greater energy use efficiency due to enhanced protein metabolism and complementation of 
properly folded proteins with a functional allele (Goff 2011).  Interestingly, Goff (2011) reported 
that a gene involved in protein folding was found to be down-regulated in hybrids relative to 
their parents.  An interesting speculation is that hybrids are more stress tolerant to their 
environment because inbreds are constantly expending energy to respond to genetic stress. 
Both heterosis and inbreeding depression occur throughout the whole plant, but the 
changes in growth are not uniform across traits within the same inbred or hybrids.  For example, 
an inbred plant may have vigorous vegetative growth but a developmental defect in its 
reproductive tissues can greatly reduce its fitness.  In hybrids, heterosis shows little correlation 
for different phenotypes (Semel et al. 2006; Stupar et al. 2008; Flint-Garcia et al. 2009).  These 
observations are not surprising considering the differences in structure, sensitivity to the 
environment, and time of development of organs.  Reproductive tissues in maize, rice, and 
tomato show the largest heterosis because their development is supported by the greater growth 
and metabolic activity that has already occurred in the hybrid, a phenomenon referred to as 
multiplicative heterosis (Schnell and Cockerham 1992).  An interesting speculation is that the 
tissues with the greatest heterosis have the most cell proliferation within a given developmental 
window.  For example, maize ears have much rapid proliferation during a short window 
compared to shoots.  Because of the differences in developmental programs, phenotypic 
components show little correlation in their degree of heterosis, the outcomes of their interactions 
throughout development are difficult to predict, complicating the study of heterosis for the most 
important traits (i.e. yield).  For example, heterosis for grain yield in maize may result from a 
variety of hybrid enhancements (i.e. greater leaf size, greater dry matter accumulation) that can 
occur before or after anthesis (Tollenaar et al. 2004).  Although heterosis appears complex when 
viewed across all of the phenotypic components within a plant and their possible interactions, it 
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can be simplified by focusing on the one quantitative trait that drives changes in size for many 
components, greater cell proliferation. 
 
Genetic architecture of heterosis 
Initial observations in maize based on inbreeding (i.e. progressive decrease in phenotype 
with each generation of selfing) and outcrossing (i.e. variation in heterosis depending on the 
cross) led Shull (1908) and East (1936) to emphasize that heterosis is controlled by many genes 
and that the degree of heterosis is proportional to the genetic differences between the parents, 
observations which are still relevant today.  Because our limited understanding of genetics at the 
time of the initial attempts to explain the genetic basis of heterosis, it was assumed to result from 
the actions of different alleles at the same loci in hybrids (Shull 1948).  Based on this 
assumption, quantitative genetic theories proposed that these actions could either be the 
complementation of a deleterious allele in one parent by superior alleles from the other parent 
(dominance model), or the combination of alleles at a locus or at tightly linked loci  in the 
heterozygote producing better performance than either homozygous parent (overdominance 
model, pseudo-overdominance model) (Lippman and Zamir 2007).  Similarly, inbreeding 
depression occurs because of increased homozygosity of deleterious alleles or at loci where the 
heterozygote has an advantage (Charlesworth and Willis 2009).  Both models refer to genetic 
situations in the hybrid that do not equal the average gene action of the parents (non-additivity) 
to explain the hybrid phenotypes that deviate from parental averages.  These models were 
developed to describe phenotypic variation prior to our understanding of genes and their 
molecular functions and the new technologies available to study them in great detail.  Therefore, 
scientists have been asked to refine quantitative genetic theories with the benefit of molecular 
understanding because applying the models as they were first developed can constrain data 
analysis and interpretation (Birchler et al. 2010). 
Quantitative genetics studies in maize, rice, and tomato have been undertaken to map 
quantitative trait loci (QTL) important to heterosis phenotypes and to describe their genetic 
architecture (Stuber et al. 1992; Hua et al. 2002; Hua et al. 2003; Lu et al. 2003; Semel et al. 
2006).  In general, many, small effect QTLs (10-40) spread throughout the genome have been 
detected.  The studies have found support for only one or both of models, and even epistasis.  In 
an interesting approach that used fertile mutants to screen for genes that cause heterosis in 
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tomato via over-dominance, a single gene that drives 60% of the heterosis for yield was 
identified, demonstrating that genome-wide heterozygosity is not a requirement of heterosis 
(Krieger et al. 2010).  Initially, gene expression profiling studies between inbred and hybrids via 
microarrays were performed under the hypothesis that genes exhibiting non-additive expression 
patterns must be important to heterosis.  Although many studies detected non-additive 
expression, no consensus set of differentially expressed genes has emerged, and additive 
expression was clearly the major pattern in hybrids (Hochholdinger and Hoecker 2007; Springer 
and Stupar 2007).  Additively expressed genes have often been considered to not contribute to 
heterosis because their change in expression does not match the phenotypic change.  However, it 
is important to remember that additive gene expression can still lead to non-additive molecular 
effects depending on gene function.  For example, a dosage sensitive regulatory gene specific to 
an inbred line has the opportunity to act in trans on another genome following hybridization, 
which can induce novel patterns of gene expression (Fig. 1.2).  This important change could be 
missed if only non-additively expressed genes are considered as contributors to hybrid vigor.  
The proportion of additively expressed genes across a series of maize hybrids has even been 
shown to be correlated with heterosis for grain yield (Guo et al. 2006).  These examples illustrate 
the issues that can arise when genomics data is interpreted without modifying quantitative 
genetic models based on new molecular information. 
In maize, studies on genome structure and evolution have shown that the species has a 
high degree of allelic diversity (Buckler et al. 2006), which could generate allelic interactions 
that support either model.  Large structural differences between maize inbred lines have been 
documented in regards to the order, copy number, and presence and absence of genes (Song and 
Messing 2003; Messing and Dooner 2006; Wang and Dooner 2006; Springer et al. 2009), all of 
which could provide sources for dominance effects.  Additionally, genes with putative regulatory 
functions that are missing in one parent but are expressed following hybridization have the 
possibly to act in trans on the parents genome creating new molecular, or non-additive changes, 
as illustrated in Figure 1.2.  The high degree of presence and absence variation of genes in maize 
shows why an inbred that performs as well as a hybrid cannot be obtained, which has often been 
a criticism of the dominance hypothesis.  Many of these differences in maize are driven by TEs 
inserting into different places in the genome, moving or copying genes as they transpose or 
causing unequal crossing over during recombination.  TEs make up 85% of the maize genome 
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(Schnable et al. 2009) and their activity has created the species’ immense allelic diversity.  
Recently, most of the genetic variation for quantitative traits in maize has been found to occur 
upstream of genes in non-coding promoter regions (personal communication, Li et al. 2012).  
The highly repetitive nature of the maize genome causes these regions to frequently contain TEs, 
so it is possible the TEs are the source of variation underlying many quantitative traits in the 
species.  In mammalian systems, TEs have become increasingly recognized as important 
contributors of non-coding regulatory sequences because many regulatory networks have been 
programmed by TE insertions near genes (Rebollo et al. 2012). 
Another model to explain heterosis considers dosage changes in regulatory genes as 
contributing to the phenotype (Auger et al. 2001; Birchler et al. 2003).  The changes in vigor 
observed in studies of aneuploidy and polyploidy initially connected gene dosage effects to 
growth.  Dosage effects are hypothesized to result from stoichiometric changes in one member of 
a multi-subunit complex which in turn affects the assembly and function of the complex (Auger 
et al. 2001).  Therefore, dosage sensitive genes are likely those that encode components that 
make up multi-subunit complexes.  Regulatory genes primarily act in complexes, so they would 
probably exhibit some measure of dosage dependence.  This expectation has been supported by 
the finding that many QTLs are regulatory genes that exhibit an allelic dosage effect (Birchler 
and Veitia 2010).  Because heterosis is a quantitative trait, it can be viewed as the result of 
different alleles being present at loci that contribute to regulatory hierarchies.  As pointed out, 
this model could encompass single gene effects of heterosis described as over-dominance, if 
these genes were found to work in a regulatory hierarchy.  This model also fits within the genetic 
relatedness principle of heterosis, as greater divergence between parents provides greater 
possibility for allelic diversity to exist at the highest levels of regulatory hierarchies (Birchler et 
al. 2010). 
It is important to remember what Shull (1948) stressed more than 70 years ago, that no 
one mechanism can explain all cases of heterosis and that multiple mechanisms certainly 
contribute.  Recent pleas to scientists have been made to abandon the search for a unifying 
theory of heterosis (Kaeppler 2012).  However, the obviousness of Shull’s statement does not 
preclude the possibility of a core mechanism existing across species, while differences in 
genome biology, physiology, and developmental architecture could create additional 
mechanisms or could account for different degrees of heterosis.  As noted by Goff  (2011), there 
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is a difference between single trait heterosis and multigenic heterosis, which is likely to share a 
core mechanism across eukaryotes.  Such core mechanisms would be expected to involve basic 
biological processes or genetic factors that are shared.  We propose that characterizing allelic 
variation at the highest levels of regulatory hierarchies and determining how this variation could 
enhance cell proliferation may help to uncover the major effectors of heterosis in plants. 
 
Small RNAs are major regulators of eukaryotic genomes 
In the past decade, small RNAs (sRNAs) have emerged as major source of regulation of 
gene expression and TE activity in eukaryotes (Ghildiyal and Zamore 2009).  In animals and 
plants, there are many different types of sRNAs; however, the biogenesis of these different types 
involves the same machinery.  In plants, sRNAs can arise from many different genetic sources, 
but what they all share in common is being processed from double stranded RNA (dsRNA) by 
RNAse III enzymes called DICER LIKE (DCL) proteins (Fig. 1.3).  The single stranded sRNA is 
then loaded onto one of the ARGONAUTE (AGO) family members.  sRNAs gain their ability to 
regulate gene expression at the transcriptional or post-transcriptional level through their 
interactions with ARGONAUTE and other proteins in the RNA induced silencing complexes 
(RISCs), and their imperfect complementary binding to their target nucleic acids (Ghildiyal and 
Zamore 2009; Vazquez et al. 2010).  For plants, sRNAs can be divided into two main groups, 
microRNAs (miRNAs) and small interfering RNAs (siRNAs), with the latter further subdivided 
into other groups.  miRNAs are a highly conserved class across plant species as they are encoded 
genetically by pre-miRNA transcripts that form characteristic stem-loop precursors, which are 
processed to ~21-nt miRNAs that direct cleavage of target mRNAs with complementary 
sequences.  miRNAs primarily down-regulate the expression of transcription factors that regulate 
key developmental processes such as organ morphogenesis, maturation, and polarity (Lauter et 
al. 2005; Voinnet 2009). 
In contrast to miRNAs, siRNAs are more heterogeneous because they are generated from 
longer dsRNA templates that can be encoded throughout the genome or produced from aberrant 
transcripts through the activity of RNA DEPENENT RNA POLYEMERASE (RDR) genes.  
Different classes of siRNAs are defined by their function, which depends on their origin and 
length.  Short siRNAs (21-22-nt) primarily function as mRNA degraders, while long siRNAs 
(23-24-nt) silence homologous DNA via methylation (Hamilton et al. 2002).  Classes include 
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siRNAs generated from transposable elements (TEs), which are often referred to as 
heterochromatic siRNA or repeat associated siRNAs (rasiRNAs), siRNAs generated from genic 
repeats, natural antisense siRNAs (natsiRNAs), or trans-acting siRNAs (tasiRNAs).  The 23-24-
nt rasiRNAs maintain the integrity of plant genomes by directing epigenetic modifications that 
transcriptionally silence repeat regions (Liu et al. 2004; Matzke et al. 2007).  Although the 
primary function of siRNA directed DNA methylation is to silence TEs, it can spread to 
neighboring genes and influence their expression (Lippman et al. 2004).  This spreading does not 
occur randomly as siRNA regulation of TEs has been co-opted in Arabidopsis to regulate 
flowering time (Lisch 2009).  TEs also produce 21-nt and 22-nt rasiRNAs in plants that silence 
TEs at the post-transcriptional level when they become active in dividing cells and specific 
developmental time points (Slotkin et al. 2009).  Recently, 21-nt rasiRNAs derived from TEs 
were found to regulate the expression of genes in trans (McCue et al. 2012).   
siRNAs derived from inversions of gene duplications can silence the loci where they are 
derived and entire gene families, producing phenotypic effects such as the lack of purple pigment 
in soybean seed coats (Tuteja et al. 2009).  natsiRNAs are derived from the pairing of transcripts 
from overlapping sense and antisense genes and have been found to mediate responses to stress 
(Borsani et al. 2005; Katiyar-Agarwal et al. 2006).  tasiRNAs are generated from non-coding 
RNA transcripts that are first targeted by miRNAs, then made into dsRNA via RDR genes, and 
finally processed into 21-nt tasiRNAs that can target other mRNAs (Axtell et al. 2006).  
tasiRNAs, like miRNAs, control key developmental processes in plants, such as organ polarity 
(Nogueira et al. 2007).  siRNAs in plants can be further divided into primary siRNAs that initiate 
silencing events, and secondary siRNAs, such as tasiRNAs, that that are formed from cleaved 
target mRNA and act to perpetuate and to amplify silencing.  Initially, only specific miRNAs 
that function in the biogenesis of tasiRNAs were thought to trigger the production of secondary 
siRNAs; however, the requirements for triggering secondary siRNAs were found to be length 
(22-nt) and a 5’ U (Chen et al. 2010), a finding which is especially relevant to maize, as it differs 
from all other plant species investigated thus far, in its production of a larger population of 22-nt 





Small RNAs fit the properties of heterosis 
  Considering the role sRNAs play as important regulators of gene expression and that 
regulatory genes are expected to contribute to heterosis, it is likely that differences in sRNAs 
between parents or following hybridization could contribute to heterosis by controlling global 
patterns of gene expression in the hybrid.  Moreover, DNA methylation differences between 
inbred lines, which are directed by siRNAs, have been shown to contribute to quantitative traits 
in Arabidopsis (Johannes et al. 2009).  The development of next generation sequencing 
technology that involves massive parallel sequencing has greatly improved our ability to study 
sRNAs.  Often, the discovery of sRNAs outpaces our knowledge of their function.  The 
technology allows distinct sRNA sequences to be cataloged, counted and compared between 
samples or treatments (McCormick et al. 2011).  It also provides a way to obtain a quick picture 
of the functional aspects of a species’ genome because sRNAs are produced by a variety of 
genetics elements, including genes, TEs, rDNA and other types of repetitive elements 
(Swaminathan et al. 2010).  sRNA sequencing has been used to investigate how sRNA 
populations are affected by hybridization and if any observed changes affect gene expression.  In 
Arabidopsis sucecia, a natural allopolyploid of Arabidopsis thaliana and arenosa, some 
rasiRNAs are initially lost following hybridization, and some miRNAs and tasiRNAs are non-
additively expressed, as well as their gene targets (Ha et al. 2009).  While parent-hybrid 
differences in siRNAs were documented, they were not found to associate with differences in 
gene expression.  In rice, the heterotic parents, 93-11 (Indica ssp.) and Nipponbare (Japonica 
ssp.), were found to differ in their composition of sRNA populations and abundance of siRNAs 
clusters, while hybridization led to an overall down-regulation of siRNAs in the reciprocal 
hybrids and non-additive expression of some miRNAs and their gene targets (He et al. 2010).  In 
a study of Arabidopsis accessions C24 and Landsberg erecta (Ler) and their reciprocal hybrids, 
no miRNAs were found to be non-additively expressed; however, a global decrease of 24-nt 
siRNAs was found to occur in the reciprocal hybrids, with genomic regions showing the largest 
decrease being those that differed between the parents (Groszmann et al. 2011).  These regions 
were found to associate primarily with genes and some examples were found where decreases in 
siRNAs coincided with loss of DNA methylation and changes in gene expression in the hybrid.  
Similar sRNA sequencing results were reported in a study that investigated Columbia and Ler 
accessions (Li et al. 2012).  However, this study also found that the TE proximity influences the 
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inheritance of genes’ siRNA activity, suggesting that TEs mediate regulatory networks 
influenced by hybridization. 
Future studies need to be performed to validate some of these findings in other sets of 
inbreds and hybrids to test their significance to heterosis.  For example, mutants that are 
defective in sRNA biogenesis pathways or disrupt the proper functioning of a miRNA would be 
particularly useful in testing the necessity of specific pathways or genes to hybrid vigor.  
However, these studies clearly demonstrate that the behavior of sRNAs fit the principles of 
heterosis.  Parental variation in siRNAs was observed, while hybridization led to unexpected 
changes in miRNA expression or siRNA populations that could alter gene expression patterns in 
novel ways in the hybrid that may contribute to heterosis.  In addition to Arabidopsis and rice, 
maize provides an interesting model to study how parents may vary in sRNA populations and 
how hybridization affects sRNA populations, in particular rasiRNA populations, because the 
highly repetitive maize genome produces an abundant class of 22-nt siRNAs derived from 
retrotransposons independent of the 24-nt siRNA pathway mediated by the RNA-dependent 
RNA polymerase encoded by modifier of paramutation1 (mop1) (Nobuta et al. 2008).  
Moreover, connecting changes in sRNA populations to heterosis may be easier in maize because 
of the availability of hybrids that show a large range of heterosis (Flint-Garcia et al. 2009), and 
the well defined germplasm backgrounds or breeding pools that were arbitrarily created through 
artificial isolation by corn breeders to maximize heterosis (Tracy and Chandler 2008).  Also, 
deciphering how sRNAs contribute to heterosis may be more important to do in maize 












Fig. 1.1. Hybrid vigor is observable throughout plant development for B73xMo17 hybrids.  
Shown is the greater size of B73xMo17 hybrids relative to their parents at the (A) embryonic, (B) 
seedling and (C and D) vegetative growth stages.  In (B-D), hybrids are shown on the right, while 








Fig. 1.2. Non-additive molecular changes can occur from genes behaving additively. (A) In 
parent 1, an active regulatory gene (green circle) leads to the expression of a structural protein 
(red circle).  (B) In parent 2, this regulatory gene is not expressed.  (C) In a hybrid between 
parents 1 and 2, the regulatory gene from parent 1 shows additive expression because its 
expression depends on it dosage.  In the hybrid genome, the regulatory gene can now act in trans 
on the other parent’s genome and lead to the expression of another structural protein that is not 
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Fig. 1.3.  sRNA biogenesis and silencing activity in plants.  In plants, sRNAs are processed 
from double stranded RNA (dsRNA) by RNAse III enzymes called DICER LIKE (DCL) 
proteins.  The single stranded sRNA is then loaded onto one of the ARGONAUTE (AGO) family 
members, which interact with other proteins to form RNA induced silencing complexes (RISCs).  
In this complex, sRNAs gain their ability to regulate gene expression and mediate TE silencing.  
sRNAs target nucleic acids for silencing through imperfect complimentary binding.  This 
silencing can be at the transcriptional or post-transcriptional level through DNA methylation or 
RNA cleavage or disruption of translation. In plants, sRNAs can arise from many different 
genetic sources.  microRNAs (miRNAs) are a highly conserved class across plant species as they 
are encoded genetically by pre-miRNA transcripts that form characteristic stem-loop precursors, 
which are processed to ~21-nt miRNAs.  Small interfering RNAs (siRNAs) can also be 
genetically encoded by transcription through inversions of gene duplications.  Natural antisense 
siRNAs (natsiRNAs) are derived from the pairing of transcripts from overlapping sense and 
antisense genes and mediate responses to stress.  Trans-acting siRNAs (tasiRNAs) are generated 
from non-coding RNA transcripts that are first targeted by miRNAs, then made into dsRNA via 
RNA DEPENDENT RNA POLYEMERASE genes, and finally processed into 21-nt tasiRNAs. 
Repeat associated siRNAs (rasiRNAs) are generated from aberrant transcripts from TEs that are 
converted into dsRNA through the activity of RDR genes or from TE regions that form hairpins 
upon transcription. siRNAs that initiate silencing events are considered primary siRNAs (1°); 
whereas,  those formed from cleaved target mRNA and that act to perpetuate and to amplify 


























































In animals, plants and fungi, hybridization frequently produces offspring more vigorous 
than their parents.  The phenomenon of hybrid vigor, or heterosis, depends on genetic variation 
between parents and altered genetic states in their offspring.  Shull, who conducted the first 
genetic analyses of the phenomenon in maize (1908), stressed 60 years ago that multiple 
mechanisms likely contribute to different examples of hybrid vigor (1948).  Advancements in 
our understanding of genome structure (Messing and Dooner 2006; Schnable et al. 2009) and 
gene regulation make this statement even more relevant today.  We continue to uncover new 
sources of genetic variation (Springer et al. 2009) and regulatory systems where hybridization 
combines variants with non-additive phenotypic effects on growth, metabolism, and 
environmental response. 
Small RNAs (sRNAs) regulate gene expression and maintain genome integrity (Matzke 
and Birchler 2005; Ghildiyal and Zamore 2009), both of which are impacted by hybridization.  
The relative ease of self-propagation, hybridization, and developmental staging of different 
generations in plants makes it feasible to investigate the variation in sRNAs between parents and 
their progeny.  Studies in Arabidopsis (Ha et al. 2009; Groszmann et al. 2011; Shen et al. 2012), 
rice (He et al. 2010), and wheat (Kenan-Eichler et al. 2011) have  used sRNA sequencing 
because the technology catalogs the various size classes of sRNAs and the relative abundance 
(normalized reads of a sequence signature) of specific sRNAs or sRNA classes among 
genotypes.  Collectively, these studies find genetic variation in 24-nt small interfering RNAs 
(siRNAs), reductions of 24-nt siRNAs following hybridization, and non-additive expression of 
key regulatory microRNAs (miRNAs) and their gene targets.  Each of these observed properties 
for sRNAs fit the genetic principles known and hypothesized to contribute to hybrid vigor in 
plants (Birchler et al. 2010). 
1Reprinted, with permission, from Barber et al. (2012).  Repeat associated small RNAs vary among the parents and following hybridization in maize. Proceedings of 
National Academy of Sciences, 109: (10444-10449).  Research in this chapter was designed by Wesley T. Barber, Jane E. Dorweiler, Matthew E. Hudson and Stephen 
P. Moose.  Wesley T. Barber primarily performed the research.  Wei Zhang grew plants for the 2007 seedling shoot apex experiment and isolated RNA.  Hlaing Win 
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wrote the sRNA clustering perl script.  Kranthi K. Varala wrote perl scripts for sRNA sequencing data processing and processed the raw data for the 2007 seedling 
shoot apex experiment.  Wesley T. Barber and Stephen P. Moose analyzed data.  Wesley T. Barber, Matthew E. Hudson and Stephen P. Moose wrote the text. 
The magnitude of hybrid vigor in maize is relatively high and observed throughout its life 
cycle, which has made the species an excellent model for studying the phenomenon (Springer 
and Stupar 2007).  Moreover, hybrid maize has been an important application of heterosis.  The 
economic value derived from controlled hybridization gave birth to the seed industry, while the 
uniformity of hybrid corn spurred investment in agricultural mechanization (Johnson 2007).  The 
maize genome differs from model plant species such as rice and Arabidopsis by the presence of 
many classes of high copy repeats, particularly transposable elements (TEs), whose activities are 
silenced by siRNAs.  Accordingly, maize possesses unique features of sRNA production, such as 
an abundant class of 22-nt siRNAs that is derived from retrotransposons through a pathway 
distinct from the generation of 24-nt siRNAs by RNA-DEPENDENT RNA POLYMERASE 2 
(RDR2) (Nobuta et al. 2008).  To learn more about how hybridization impacts sRNAs in maize, 
we sequenced sRNAs from the seedling shoot apex and developing ear of two maize inbred lines 
(B73, Mo17) and their hybrids.  We chose these genotypes because of their high degree of hybrid 
vigor, they represent the major heterotic groups deployed in historical and current North 
American corn breeding, and the extensive genomics resources that exist for the parental lines.  
We also investigated whether the genetic contribution of RDR2-mediated amplification of 
transcriptional gene silencing contributes to the hybrid vigor displayed by B73xMo17. 
 
Results 
sRNA sequencing of B73, Mo17 and their hybrids 
To investigate differences in sRNA profiles between maize parents and their hybrids, we 
sampled (i) seedling shoot apex tissues at 11 days after sowing (11 DAS) and (ii) developing ear 
tissues, when the twelfth leaf had fully expanded (i.e., V12), from B73, Mo17, and their hybrids 
(Figs. 2.1A and B).  The hybrids showed heterosis for size when the tissues were sampled (Fig. 
2.1C).  We chose to study the shoot apex because it is enriched for meristematic tissue where cell 
proliferation occurs, rates of organ initiation are determined, and organ size is specified.  We also 
examined the developing ear because it also is enriched in meristematic tissue and is undergoing 
rapid growth, and also because the mature ear shows the highest degree of heterosis (Flint-Garcia 
et al. 2009).  Furthermore, comparison of sRNA profiles for developing shoots and ears may 
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reveal if sRNA production or activity is influenced by accumulated physiological differences that 
occur during vegetative development. 
sRNA libraries were made for each genotype from RNA extracted from pooled shoot 
apices or developing ears and sequenced using the Illumina sequencing by synthesis platform 
(Materials and Methods) (Table 2.1).  After processing the sRNA data and combining sequences 
across the libraries (Materials and Methods), we identified a set of 95,665 distinct sRNAs 
representing 3,134,719 reads for the shoot apex and a set of 118,625 distinct sRNAs representing 
3,132,802 reads for the developing ear.  As expected, more sRNAs cataloged from a given parent 
matched its own genome sequences compared to those from the other parent (Table 2.1). 
The sRNA populations are enriched for repeat associated siRNAs (rasiRNAs) as shown 
by the large percentages of retrotransposon derived siRNAs, sRNAs matching ribosomal DNA 
elements, and siRNAs with a high copy number (>10 locations) in the B73 genome  (Fig. 2.2).  
MicroRNAs (miRNAs) account for 16% of the shoot apex sRNA population but only 2% of the 
developing ear sRNA population (Fig. 2.2).  The miRNA profiles of the two tissues differ 
dramatically and consist of a few highly abundant miRNAs (Fig. 2.3).  Some miRNAs appear to 
accumulate non-additively, most notably microRNA168 (miR168), which increased 
approximately two-fold in the hybrids for both tissues.  However, in additional replicated 
experiments using a quantitative real-time PCR (q-RT-PCR) assay for miR168, we found that it 
accumulates to similar levels in the parents and hybrid during the course of both early shoot and 
ear development (Fig. 2.4). 
The expression of microRNA156 (miR156) declines during early maize shoot 
development to promote vegetative phase change (Chuck et al. 2007).  Mo17 and B73xMo17 
both transition to the adult phase earlier than B73 (Fig. 2.5A).  Thus, we were initially surprised 
to see that miR156 is more abundant in Mo17 compared to B73 at 11 DAS, while both reciprocal 
hybrids had lower abundance than B73.  After controlling for differences in plastochron length 
(the rate of leaf initiation), the expression of miR156 at the three-leaf stage did in fact reflect the 
shorter juvenile phase of Mo17 and the B73xMo17 hybrid relative to B73 (Fig. 2.5B).  The 
differences among the genotypes disappeared as miR156 levels declined and shoots transitioned 
to the adult vegetative phase.  The data demonstrate that observed differences in the rate of 
development for hybrids compared to parents can be detected as differences in expression of 




Hybrids combine parental differences in siRNA populations 
  We found that differences between parents and hybrids in sRNA populations primarily 
result from the hybrids inheriting distinct siRNAs from each parent.  The sRNA length profile is 
similar to those previously reported in maize (Nobuta et al. 2008; Wang et al. 2009) and does not 
differ among genotypes (Fig. 2.6), which indicates that hybridization does not alter biogenesis of 
different sRNA size classes.  The relative difference in abundance between 24-nt sRNAs and the 
other lengths is larger in the ear than the shoot apex, possibly because the expression of mop1 is 
higher in the ear compared to the seedling (Wang et al. 2009). 
To investigate siRNAs, we removed sRNAs matching miRNAs, rDNA, or tRNA from 
the datasets and retained only those that mapped to either the B73 or Mo17 genome and have the 
characteristic siRNA length (21-24-nt).  The vast majority (ear, 82%; shoot apex, 90%) of this 
siRNA population was sampled in each of the genotypes or in one of the parents and hybrids 
(Fig. 2.7).  Few siRNAs are unique to one parent, present in parents but not hybrids, or found in 
hybrids but not parents.  Therefore, hybridization does not create new siRNAs; instead, hybrids 
possess a more complex siRNA population than either parent by inheriting siRNAs from both 
parents. 
 To further characterize the inheritance of parental differences in sRNAs, we calculated 
d/a ratios (Stupar et al. 2008) for 21-24-nt siRNAs that map to only one parent’s genome and 
were observed from RNA of that genotype at an abundance of at least 5 reads per million (rpm), 
but not detected in the other parent.  The distributions of d/a values for the shoot apex suggest 
that these siRNAs are primarily inherited in additive manner; however, in the developing ear the 
d/a values are strongly biased to below mid-parent levels (Fig. 2.8 A-D).  Most of the siRNAs 
exhibiting this behavior are 24-nt (B73, 91%; Mo17, 92%).  We also observed this bias in 
developing ear samples taken from low nitrogen field plots (Fig. 2.8 E and F).  Again, most of 
the siRNAs exhibiting this behavior are 24-nt (B73, 92%; Mo17, 93%). 
 
Parental differences in siRNAs primarily originate from repeats 
We used an approach similar to Johnson et al. (2009) to identify the types of genetic 
features where parental differences in siRNAs originate.  We grouped 21-24-nt siRNAs that 
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overlapped (≤100 bp) and mapped to both the B73 and the Mo17 genomes into clusters based on 
their location within the B73 genome (Materials and Methods).  The abundance of siRNAs that 
mapped to more than one location was repeat normalized prior to the summation of a clusters’ 
total siRNA abundance (rpm-repnorm).  The siRNA clusters may contain sequences ranging in 
size from 21-24-nt but are referred to by their most common siRNA length (21, 22, or 24-nt) and 
are characterized by the genetic feature annotated at the location of their match in the B73 
genome.  For each tissue, we analyzed the siRNA clusters that had an abundance of at least 5 
rpm-repnorm in one of the genotypes.  The 21-nt clusters accounted for less than 1% of the 
clusters in both tissues. 
In both the shoot and ear, the proportion of 21-nt and 22-nt siRNAs in a cluster are 
positively correlated (shoot, r = 0.51; ear, r = 0.46; p-value < 0.0001); whereas, the proportions 
of 21-nt and 22-nt siRNAs in a cluster are negatively correlated with 24-nt siRNAs (shoot, r = -
0.71, = -0.95; ear, r = -0.68, r = -0.79; p-value < 0.0001).  The 22-nt clusters have a longer mean 
length (668 bp) and are more abundant (7 rpm) than the 24-nt clusters (89 bp and 5 rpm; 
Wilcoxon rank sum p-value < 0.0001).  The 24-nt clusters are more likely to be located near 
genes than 22-nt clusters, which are instead found in repetitive sequences (Fig. 2.9 A and D).  To 
investigate clusters exhibiting large parental differences, we ordered the clusters by their degree 
of parental fold change and selected clusters within the top 10% of these values (Fig. 2.9 B and 
E).  In both tissues, these clusters primarily map to repeats (Fig. 2.9 A and D).  When additional 
replicate small RNA sequence datasets were examined for the parental genotypes, we detected 
clusters in the same genomic location, with the same high parent and in the top 10% of the 
parental differences for 39% and 25% of these shoot apex and developing ear clusters.  
Comparing the top 10% clusters for all four sRNA sequencing datasets, we found 18 siRNA 
clusters in the shoot apex that matched 20 clusters in the developing ear.  Based on proximity 
(<250 bp), we collapsed these clusters into 10 genomic regions.  Interestingly, 8 of these regions 
consisted only of 22-nt clusters and are located in genomic intervals containing sequences 
annotated as high copy retrotransposon families (Table 2.2). 
We calculated the deviation from the midparent abundance for each siRNA cluster to 
investigate how the clusters behave following hybridization.  Figures 2.9 C and F show deviation 
from midparent values for the clusters arranged in increasing order of the parental fold-change of 
the clusters.  In the shoot apex, siRNA clusters appear to be inherited in an additive manner (Fig. 
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2.9C).  In contrast, siRNA clusters in the ear show larger deviations above and below midparent 
values, but trend to below midparent as the degree of difference in siRNA cluster abundance 
between the parents increases (Fig. 2.9F).  A similar trend was observed for the developing ear 
samples taken from the low nitrogen plots (Fig. 2.10).  In both developing ear datasets, this trend 
is more strongly observed for the 24-nt clusters. 
 
Parental differences in retrotransposon siRNA activity are driven by 21-nt and 22-nt 
siRNAs 
To further investigate global differences in siRNA abundance for retrotransposon 
families between the parents, we mapped 21-nt, 22-nt and 24-nt siRNAs that perfectly matched 
the B73 or Mo17 genomes onto the characterized retrotransposons present in the Zea repeats 
database.  Figure 2.11 shows the retrotransposon families that had an abundance of at least 100 
rpm in one of the genotypes.  The production of specific siRNA lengths and the overall 
abundance of siRNAs from these retrotransposon families are similar across the two tissues.  The 
ji and cinful families have the highest total abundance.  The families can be grouped into those 
that produce primarily 22-nt siRNAs (cinful, rire1, giepum, ji, misfit), those that produce both 
22-nt and 24-nt siRNAs (zeon, grande), and those that produce primarily 24-nt siRNAs (huck1, 
milt, opie).   
Parental differences in the abundance of siRNAs for cinful, zeon, rire1, giepum, grande, 
and ji were consistent in both tissues.  We used a χ2 test to determine if these differences between 
B73 and Mo17 were associated with a particular length in siRNA.  We used the tissues as 
biological replicates for the parental genotypes, requiring the significant difference to be 
observed in the same direction in both tissues.  The difference in abundance for cinful, grande, 
and ji between B73 and Mo17 is contingent upon the 21-nt and 22-nt lengths; whereas, the 
parental difference for giepum, rire1 and zeon1 is contingent upon only the 22-nt length 
(Bonferroni corrected p-value < 0.01).  Significant differences between B73 and Mo17 for 
retrotransposon families were observed for 24-nt siRNAs, but they were either not significant in 
both tissues or occurred in different directions in the tissues.  In additional sRNA sequencing 
experiments, we again observed these significant contingencies between the parental difference 
in abundance and siRNA length (21-nt, cinful, ji; 22-nt, cinful, rire1, giepum, grande, ji) (Fig. 
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2.12).  Therefore, the differences in siRNA abundance for these retrotransposon families 
primarily result from 21-22-nt siRNAs. 
 The parental differences in abundance for 21-22-nt siRNAs from specific retrotransposon 
families may reflect either differential transcription of source sequences and subsequent 
processing into sRNAs, or could indicate downregulation of complementary mRNA targets by 
post-transcriptional activities.  We performed q-RT-PCR to differentiate between these two 
scenarios for the cinful family, which had a greater abundance of 21-nt and 22-nt siRNAs in B73.  
In the shoot apex, we found that cinful mRNA levels increase from the 3 to 4 leaf stage (Fig. 
2.13).  At the 4 and 5 leaf stages, B73 has significantly higher levels of cinful mRNA than Mo17, 
and the hybrid appears to track the higher parent.  For the V10-V13 growth stages in the 
developing ear, we found that B73 has higher levels of cinful mRNA than Mo17, and the hybrid 
has levels between the parents.  Thus, at least for cinful in B73, 21-22nt siRNAs accumulate in 
proportion to retrotransposon-derived mRNAs. 
 
Loss of mop1 does not suppress hybrid vigor for B73xMo17 
RDR genes function as the amplification components of RNA silencing pathways, 
producing double-stranded RNA from single-stranded precursors to sustain silencing (Voinnet 
2008).  Loss of mop1, an RDR2 orthologue in maize (Alleman et al. 2006), has drastic 
phenotypic effects, such as stunting, delayed flowering, and feminization of tassels (Dorweiler et 
al. 2000).  The mop1 mutation dramatically reduces the abundance of a large population of 24-nt 
siRNAs, but does not affect 22-nt siRNAs (Nobuta et al. 2008).  Therefore, the mutation 
provides a genetic system to test the contribution of mop1 dependent 24-nt siRNAs for hybrid 
vigor in maize. 
The mop1-1 loss of function allele (Alleman et al. 2006) was introgressed into the B73 
and Mo17 inbred backgrounds, and reciprocal hybrids from both wild type and mop1-1 mutant 
parents were generated.  The parental inbreds and reciprocal hybrids were each grown in a 
replicated field trial.  To verify the expected effects of mop1-1 on 24-nt siRNA accumulation, we 
used q-RT-PCR to measure the amount of two 24-nt siRNAs previously documented to have 
reduced abundance in the developing ear from mop1-1 mutant plants (Nobuta et al. 2008).  
Figure 2.14A shows that the levels of the two 24-nt siRNAs are significantly reduced in the 
developing ear for the mop1-1 mutants.  We found that for all genotypes, mop1-1 significantly 
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reduces plant height and cob weight, and also delays flowering (Table 2.3).  Stover biomass 
significantly decreases for the mutant compared to normal inbreds.  Although mop1-1 impacted 
the mean genotypic values of these traits in the parents, the mutation did not suppress the 
heterotic behavior of B73xMo17 or Mo17xB73.  Vigor for vegetative and reproductive tissues 
was readily observed for mutant hybrids (Fig. 2.14B).  The hybrid performance observed in the 
mutant is no less than the wild type plants and is even enhanced for days to 50% shed, cob 
weight, and stover biomass (Fig. 2.14C). 
 
Discussion 
Core components of sRNA biogenesis and hybrid vigor 
Dosage changes in key regulatory genes have been proposed to explain the non-additive 
phenotypes of hybridization (Birchler et al. 2010).  Small RNAs are good candidates for such 
factors because they interact with a complex of proteins that regulate gene expression in a variety 
of ways through their binding to complementary nucleic acid.  However, the results obtained 
from sRNA sequencing indicate that key components to sRNA biogenesis do not change 
following hybridization of B73 and Mo17, and conversely, dramatic changes in the production of 
RDR2-dependent 24-nt siRNAs have little impact on the degree of hybrid vigor displayed by 
B73xMo17.  Among miRNAs, we might expect changes in miR168 abundance to have the 
greatest molecular effects, because it functions as a core regulator of sRNA accumulation 
through its post-transcriptional regulation of ARGONAUTE 1 (AGO1) (Mallory and Vaucheret 
2009).  In wheat, Kenan-eichler et al. (Kenan-Eichler et al. 2011) attributed a global decrease in 
24-nt siRNAs following allopolyploidization to a 2-fold increase in miR168 abundance in the 
allopolyploid.  From our sRNA sequencing data, we also observed a ~2-fold increase in miR168 
abundance in the hybrids for both tissues.  However, using a more sensitive q-RT-PCR assay and 
greater biological replication, we found that miR168 does not differentially accumulate between 
B73, Mo17, and their hybrid (Fig. 2.4), which is consistent with our finding that 24-nt siRNAs 
are not globally decreased relative to other sizes in the hybrids (Fig. 2.6).  While there is 
evidence that suggests miRNAs are non-additively expressed following hybridization in plants 
(Ha et al. 2009; He et al. 2010), another study did not find strong examples (Groszmann et al. 
2011).  It is important to remember that the increased size of hybrids relative to their parents 
occurs in the context of normal developmental programs for organ initiation, morphogenesis, and 
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differentiation.  This principle led East (1936) to suggest that genes controlling development are 
not important to hybrid vigor.  Because many miRNAs regulate developmental processes that 
continue to operate normally in hybrids, they might not be expected to be key drivers of hybrid 
vigor.  However, as we demonstrate here for miR156, miRNAs can certainly respond to 
hybridization (Fig. 2.3). 
In maize, loss of the RDR2 orthologue, mop1, reduces global levels of 24-nt siRNAs 
(Nobuta et al. 2008), alters the expression of thousands of genes and TEs (Jia et al. 2009) and has 
drastic consequences for the growth and development of inbred lines (Table 2.3; Dorweiler et al. 
2000).  However, we found that loss of mop1 does not result in a decrease of hybrid vigor 
displayed by B73xMo17 or Mo17xB73 for either vegetative or reproductive traits (Fig. 2.14 B 
and C).  The magnitude of hybrid vigor was even enhanced for days to 50% anthesis, cob weight 
and stover biomass.  Because the effects of mutations frequently depend on genetic background, 
we caution direct comparisons of our results with findings from other studies of mop1 mutants 
(Nobuta et al. 2008; Jia et al. 2009).  However, we did confirm via q-RT-PCR that 24-nt siRNAs 
were reduced in each of the genotypes also homozygous for mop1-1 (Fig. 2.14A).  Therefore, we 
conclude that mop1 dependent 24-nt siRNAs are not required for the hybrid vigor of measured 
traits for this specific cross. 
 
Hybridization and 24-nt siRNAs 
We found that hybridization does not alter sRNA populations globally in either of two 
rapidly developing tissues that dictate organ number and size (Fig. 2.6).  Instead, hybridization 
combines parental differences in siRNAs, producing an offspring that is more complex than 
either parent.  Our sRNA sequencing results show that the hybrid inherits nearly all of the 
differences in siRNA populations between B73 and Mo17 (Fig. 2.17).  These 21-24-nt siRNAs 
mainly match repeat regions of the B73 genome (Figs. 2.9, 2.11).  Most of the 24-nt siRNAs are 
likely involved in the transcriptional regulation of TEs through RNA-directed DNA methylation 
(Matzke and Birchler 2005), but they could also influence gene expression in cis as 24-nt siRNA 
regions were found to occur within or near genes (Fig. 2.9).   In the ear but not the shoot apex, 
we note that the 24-nt siRNAs and siRNA clusters which differ between parents tend to 
accumulate to levels below mid-parent (Figs. 2.8-2.10).  We attribute the greater degree of non-
additive inheritance in the ear to its more heterogeneous population of cells produced later in 
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development, where cumulative physiological effects may have greater impact (Birchler et al. 
2010). 
Similar to this work, reductions of 24-nt siRNAs following hybridization or 
polyploidization have been documented in a number of plant species (Ha et al. 2009; He et al. 
2010; Groszmann et al. 2011; Kenan-Eichler et al. 2011).  If this is a general trend, then a simple 
explanation for our observation that mop1 mutants do not display reduced hybrid vigor may be 
that reductions in RDR2 produce a similar regulatory outcome to hybridization, namely reduced 
production of 24-nt siRNAs.  Hybridization may lead to the loss of parental specific siRNAs and 
siRNA clusters because of greater competition for loading onto ARGONAUTE proteins in 
hybrids where both parents are contributing distinct siRNA populations.  For example, if a 
siRNA is only produced by only one parent, then it would be loaded at a lower rate in a hybrid 
than in an inbred; whereas, a siRNA produced by both parents has a greater chance of being 
loaded at a similar rate.  Prior studies have reported both global and local reductions in 24-nt 
siRNAs, which could reflect different approaches to processing and analysis of the raw sRNA 
sequencing data or the different tissues investigated.  In Arabidopsis thaliana, Groszmann et al. 
(2011) connected the reduction in 24-nt siRNAs to changes in gene expression in the hybrid that 
were mediated through a loss of DNA methylation.  If hybridization functions to reduce or reset 
parental differences in 24-nt siRNAs, then presumably siRNA accumulation and epigenetic 
regulation are reestablished in some manner in subsequent generations of inbreeding.  Recently, 
de novo variation in 21-24-nt siRNA abundance was found in F2-derived lines of a cross 
between a wild and a modern tomato cultivar and in introgression lines (IL) of the wild 
germplasm into the modern background (Shivaprasad et al. 2011).  The authors note that the 
reestablishment of siRNAs in subsequent generations following hybridization could have 
important consequences in plant breeding if they have phenotypic effects. 
 
Retrotransposons and post-transcriptional regulatory variation 
Unlike previous studies comparing sRNAs between parents and their hybrids in plants 
(Ha et al. 2009; He et al. 2010; Groszmann et al. 2011; Kenan-Eichler et al. 2011; Shen et al. 
2012), we found significant parental variation in 21-22-nt siRNAs derived from specific 
retrotransposon families (Figs. 2.11, 2.12 and Table 2.2).  This difference likely reflects our 
choice to investigate actively dividing tissues, while other studies (Ha et al. 2009; He et al. 2010; 
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Groszmann et al. 2011; Kenan-Eichler et al. 2011; Shen et al. 2012) sequenced sRNAs from 
mature tissues or even whole seedlings, where transcription of TEs is less likely to be observed.  
For example, Shen et al. (2012) noted at least a 5-fold enrichment in sRNA associated with genes 
compared to those associated with TEs.  This difference between the studies may also reflect the 
different impact that TEs have played on the genome biology of the species.  In fact, very few 
TEs have been identified in Arabidopsis that produce 21-22-nt siRNAs (McCue et al. 2011; 
McCue et al. 2012).  As we observed from our data (Fig. 2.11 and Table 2.2), this is not the case 
in maize.  Previous work has found that approximately 10% of the ESTs sequenced from the 
shoot apical meristems of B73 and Mo17 were derived from retrotransposons (Ohtsu et al. 2007), 
indicating they are transcriptionally active in stem cell populations at a level that could represent 
a metabolic cost to growth or rates of cell division.  Interestingly, connections between 
retrotransposon expression and cell proliferation have been made in human stem cells where cell 
senescence coincides with the accumulation of Alu RNA and cell proliferation can be reinstated 
by suppression of Alu transcription through RNAi (Wang et al. 2011).  Maize differs from other 
plant species by containing a relatively high population of 22-nt siRNAs that does not depend on 
the RDR2/mop1 siRNA biogenesis pathway (Nobuta et al. 2008).  Therefore, the impact of 
hybridization on sRNAs appears to depend upon the content and organization of the genomes 
being investigated. We note that the genomes of many crop plants for which heterosis is 
important exhibit the complexity of repeats and paleoploidy characteristic of maize rather than 
minimal genomes of Arabidopsis or rice. 
Based on their length and sequence similarity to the retrotransposon families from which 
they are derived, these siRNAs may act post-transcriptionally to degrade aberrant RNA 
transcribed from retrotransposons.  If this were the case, then we would expect an inverse 
relationship between mRNA levels and siRNAs for the retrotransposon families that differ 
between B73 and Mo17.  When examined for the cinful retroelement, B73 has a higher 
abundance of cinful mRNA, 21-nt siRNAs and 22-nt siRNAs compared to Mo17 (Fig. 2.13).  
However, in the seedling shoot apex, we did see an increase in cinful expression as the shoot 
matured.  This developmental shift corresponds to a decrease in miR156 (Fig. 2.5), which 
together with miR172 controls phase change in maize (Lauter et al. 2005; Chuck et al. 2007).  It 
has been previously suggested in maize that a relaxation of TE silencing may be associated with 
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vegetative phase change, so that the genome can recognize TEs and reinforce their silencing 
through sRNA pathways prior to reproductive development (Li et al. 2010). 
Our findings illustrate that the connection between rasiRNA levels and steady state TE 
RNA levels is difficult to assess.  First, assaying a single time point may not reveal 
downregulation of TE RNA in rapidly growing tissues, because TE silencing may be responding 
to developmental cues.  Second, there may be a lag phase or possibly tissue preference to where 
downregulation occurs.  Because of the complexity of repetitive elements, feedback regulatory 
loops may exist that complicates the relationships between rasiRNA and target RNA levels, as 
has been documented for miR168 and AGO1 in Arabidopsis (Mallory and Vaucheret 2009).  
Third, it is possible that the 21-22-nt siRNAs may have another purpose besides genome defense, 
and may possibly target genes.  Ohtsu et al. (2007) proposed that the expression of 
retrotransposons in dividing tissues may allow for the derivation of siRNAs that target genes 
with homologous sequences in their untranslated regions.  Recently, direct evidence for this 
hypothesis has been obtained in Arabidopsis, where a 21-nt siRNA derived from an Athila 
retrotransposon is produced in pollen cells and post-transcriptionally regulates the UBP1b gene 
that mediates stress response (McCue et al. 2011). 
The relationship between retrotransposons and hybrid vigor is unclear, but the high 
degree of hybrid vigor displayed by maize compared to other plant species has been attributed to 
its highly repetitive genome (Springer and Stupar 2007).  Genetic variation between parents is a 
requirement for hybrid vigor, and the two have a positive association on the average (East 1936).  
East argued that the effects of hybrid vigor cannot be compared across genera because the 
relative degree of genetic differences likely varies.  As we have demonstrated through sRNA 
sequencing, the retrotransposon portion of the maize genome provides an additional way for two 
inbred parents to differ by creating 21-22-nt populations of rasiRNAs.  If TE-derived siRNAs 
can post-transcriptionally regulate endogenous genes as shown in Arabidopsis, then the 
retrotransposon derived 21-22-nt siRNAs in maize may serve as a significant source of 
regulatory variation acting at the post-transcriptional level.  In a hybrid, the combination of 
divergent populations of 21-22-nt rasiRNAs may generate observed individual siRNA 
abundances falling between parental levels.  However, given their putative function, new trans 
regulatory interactions mediated by these distinct 21-22-nt siRNAs could cause pleiotropic, 
developmentally dynamic, and synergistic molecular changes that contribute to the non-additive 
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phenotypic responses to hybridization in maize.  Considering its immense genetic diversity and 
highly repetitive genome, genetic variation in a regulatory system mediated by TE-derived 
siRNAs could be a significant contributor to the dramatic vigor of maize hybrids. 
 
Materials and Methods 
Plant materials and phenotypic measurements 
For the shoot apex sRNA sequencing experiment, 40 seeds of B73, Mo17, B73xMo17, 
and Mo17xB73 were sown in separate flats consisting of 1:1:1 soil, peat, perlite mix and grown 
in a green house under 16 hours of light and 8 hours of dark during the fall of 2007 (Urbana, IL).  
Shoot apices were excised from 10 plants for each genotype 11 days after sowing (11 DAS).  
Maize seedlings were cut at their root nodes.  Coleoptiles and all tissue from fully emerged 
leaves were removed using a dissecting needle.  Tissue enriched for leaf primordia and the shoot 
apex was isolated by cutting 10 mm above the base of the shoot.  Shoot apices were pooled for 
each genotype and flash frozen in liquid nitrogen.  Additional shoot apex tissue used for 
quantification of miR168 and miR156 miRNA and cinful mRNA via quantitative real-time PCR 
was collected from plants grown under the same conditions in the fall and winter of 2008 and 
2009, but only three shoot apices were pooled per biological replicate.  The shoot apex tissue 
used for additional sRNA sequencing was collected from B73 and Mo17 plants grown under the 
same green house conditions, but in the winter of 2011.  In this experiment, 24 seeds were sown 
and three samples of three shoot apices were collected at the 3-4 leaf stage.  The total RNA of 
the three samples was pooled in equivalent amounts such that the pool of total RNA used for the 
sRNA sequencing experiment represented tissue from 9 plants. 
For the developing ear sRNA sequencing experiment, tissue was collected from field-
grown plots of B73, Mo17, and B73xMo17 that were part of a larger yield-trial experiment, 
where inbreds and hybrids were grown in separate blocks that were split by nitrogen fertilizer 
treatment (summer, 2009, Urbana, IL).  Plots were either supplemented with recommended 
amounts of nitrogen for corn production in the Midwestern US (200 kg/ha) or not supplied 
additional nitrogen (low N plots).  In this experiment, 40 seeds were sown per 5.6 m row, and 
rows were spaced 76 cm apart. For each genotype, 4 rows were sown.  The leaf number of the 
plants in the field was tracked by marking the leaves.  Because hybrids mature faster than their 
parents, we relied on variation within the hybrid plot to sample hybrids at the same growth stage 
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as their parents for the initial sequencing experiment. The top developing ear was excised from 
each genotype on the same day from plants at the V12 growth stage for both the normal and low 
N plots.  Three ears were pooled for each genotype.  Additional ear tissue used for miR168 
miRNA and cinful mRNA quantification was collected from field grown plants under normal 
nitrogen conditions at the V10 and V11/V12 and V12/V13 growth stages during the summer of 
2010.  For the additional tissue, 25 seeds were sown per 3.6 m row, and rows were spaced 76 cm 
apart.  For each genotype, 10 rows were sown.  In the additional experiment, it should be noted 
that 4 and 8 days after initial collection of ear tissue at the V10 stage, Mo17 was at the V11 and 
V12 stages, respectively, while B73 and B73xMo17 are at the V12 and V13 stages.  All ear 
tissue was collected in the morning between 9 am and 11 am. 
The mop1-1 loss of function allele has been previously described (Alleman et al. 2006).  
The mutant allele was backcrossed for 7 generations into the B73 inbred background and selfed 
for 4 generations to remove any residual heterozygosity.  The mutant allele was backcrossed for 
5 generations into the Mo17 inbred background parent and selfed for 3 generations. 
Heterozygous and homozygous mop1-1 B73 and Mo17 mutant plants were differentiated using 
the following primers that assay for the presence of the Mutator insertion in exon 4 of MOP1: 
wild type allele: mop1_F TTCGACGAGTTCCTGGACGC, mop1_R 
GGGTGGTAGGTCACGTGGTA, expected amplicon size of 290 bp; mutant allele: mop1Mu_F 
GCGCCCTGATGACCTACTAC, mop1Mu_R TGCGTCTCCAAAACAGAGAA, expected 
amplicon size of 170 bp.  Homozygous mop1-1 B73 and Mo17 mutant plants were selfed and 
crossed reciprocally, as well as wild type B73 and Mo17 parents (Urbana, IL).  Parents and 
hybrids were planted in separate blocks during the summer of 2010 (Urbana, IL).  Wild type and 
mutant parents and hybrids were planted in rows side by side in genotypic blocks.  For each 
genotype, 5 rows of 25 seed were sown in 5.6m rows that were spaced 76 cm apart.  All rows 
were genotyped for the presence of the mop1-1 allele.  Phenotypic measures on representative 
individual plants taken from the middle of rows were collected for cob weight (n = 4), height (n 
= 5), and stover biomass (n = 4). The dates for 50% silk and 50% anthesis were collected on 
individual rows.  Total stover dry weight per plant for a plot was estimated as described in 
Uribelarrea et al. (2007) with the following modifications. The ears were removed from the 
stover and saved for measurements, and the fresh stover was shredded with a Vermeer BC600 




RNA was extracted from the tissue using TRIzol® reagent according to the 
manufacturer’s protocols (Invitrogen, Carlsbad, CA, USA).  Quantification and quality checks of 
total RNA were performed by A260/A280 spectrophotometry using a Nanodrop ND-1000 
(Thermo Fisher Scientific, Waltham, MA, USA), gel electrophoresis, and total RNA bioanalyzer 
chips (Agilent, Santa Clara, CA, USA). 
 
sRNA library preparation and sRNA sequencing 
sRNA libraries for the 2007 and 2011 shoot apex samples and the developing ear samples 
were prepared from 25 μg (2007) and 15 μg (2011) and 10 μg of total RNA.  The 2007 shoot 
apex libraries were prepared by the Michael Smith Genome Sciences Centre (Vancouver, BC, 
Canada) and were sequenced on an Illumina/Solexa 1G Genome Analyzer (Illumina, Inc., San 
Diego, CA, USA).  The developing ear libraries were prepared by the High-Throughput 
Sequencing Unit of the W.M. Keck Center for Comparative and Functional Genomics at the 
University of Illinois at Urbana-Champaign using the Illumina sRNA kit version 1.5 and were 
sequenced on an Illumina Genome Analyzer.  We prepared the 2011 shoot apex libraries using 
the Illumina TruSeq Small RNA preparation kit.  For all the samples, total RNAs were separated 
on 15% TBE-Urea polyacrylamide gel (Invitrogen).  Using a 10-bp ladder, the sRNA fraction 
representing 10-40-bp was cut from the gel and obtained via elution.  sRNA libraries were 
constructed according to manufacturer’s protocols (Illumina, Inc.).  For the 2007 shoot apex 
experiment, each library was sequenced using 1 lane of a flow cell.  Libraries were indexed with 
barcodes for the ear experiment (at high N, B73 V12-ATCG, Mo17 V12- ACGT, and 
B73xMo17 V12- TCGA; at low N, B73 V12-TGAC, Mo17 V12-CTAG, and B73xMo17 V12-
CGTA), so multiple libraries could be sequenced per lane.   The 2011 shoot apex samples were 
part of a larger sequencing experiment and sequenced in different lanes within the same flow cell 
on an Illumina HiSeq 2000 system.  The libraries for this experiment were indexed using 
barcodes (B73-ATCACG, Mo17-ATCACG). 
 
Processing of sRNA sequencing data 
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 The raw sRNA sequencing data was processed using a combination of custom designed 
perl scripts and scripts available in the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/).  
Only sequences containing the 5’ and 3’ adapters were retained and both adapter sequences were 
removed.  For the developing ear experiment, the multiplexed libraries were split into individual 
libraries according to the barcode present in the sequence.  Identical sequences were collapsed 
for each library.  Sequences with ambiguous base-calls and with lengths falling outside 18-29-nt 
were removed from the datasets.  For each sequence, its abundance for a library was calculated 
by dividing its number of reads by the total number of raw reads generated for the library.  For 
the ear datasets and the 2011 shoot apex dataset, only sRNAs sampled at an abundance of at least 
1 read per million (rpm) in one of the ear libraries (B73, Mo17, B73xMo17) were included in the 
dataset.  For the 2007 shoot apex dataset, sequences with at least 5 reads in one of the libraries 
(B73, Mo17, B73xMo17, Mo17xB73) were included in the dataset.  For the 2007 shoot apex and 
the high N ear experiments, sequences were combined across the libraries to identify an 
experiment-wide set of distinct siRNAs that was used for subsequent analyses.  The abundance 
cut-offs were selected because they produced datasets with similar numbers and abundance of 
distinct siRNAs, correcting for the difference in sequencing depth between the experiments. 
 
Bioinformatic analysis 
sRNAs were mapped to the B73 genome (Version 4a.53, downloaded from 
http://ftp.maizesequence.org/current/assembly/, October, 2009) and Mo17 whole genome 
shotgun clones (454 paired and unpaired reads, downloaded from ftp://ftp.jgi-
psf.org/pub/JGI_data/Zea_mays_Mo17/, January, 2009) using the short read aligner, Novoalign 
(www.novocraft.com, version 2.00.14).  Only perfect matches along the entire small RNA 
sequence were considered mapped.  sRNAs were annotated using the following databases: the 
maize miRNA hairpin sequences deposited in the miRBase miRNA registry (release 15, 
http://www.mirbase.org/) (Griffiths-Jones et al. 2008), the Rfam database (Version 8.1, 
http://rfam.sanger.ac.uk/) (Griffiths-Jones 2005; Gardner et al. 2009), the Zea Repeats database 
(http://plantrepeats.plantbiology.msu.edu) (Ouyang and Buell 2004), and the Arabidopsis tRNA 
database (http://gtrnadb.ucsc.edu/Athal/).   sRNAs were matched against these databases using 
the PaTMaN DNA pattern matcher for short sequences (Prufer et al. 2008).  Except for miRNAs, 




Blocking of siRNAs to generate of siRNA clusters 
To identify siRNA clusters, we employed a similar strategy to Johnson et al. (2009).  
Briefly, for both tissues, 21-24-nt sRNAs from all of the genotypes not matching miRNAs, 
rDNA, or tRNA, and mapping to the Mo17 genome and the B73 genome 1-1000 times were 
processed together.  All of the B73 locations were collected for this group of siRNAs and stored 
in a database.  siRNAs within 100 bp of each other were placed into blocks referred to as siRNA 
clusters.  The coordinates of the clusters are defined by the first and last siRNA of the 
overlapping sequences.  siRNAs that map greater than 1000 times to the B73 genome 
represented a very low percentage of total abundance of sRNAs for the experiments, so 
excluding them greatly reduced the number of siRNA clusters generated by our blocking 
approach. The abundance of an siRNA was distributed equally across all of its locations in the 
B73 genome prior to the blocking procedure and the summation of the abundances of all the 
siRNAs present in a cluster.  siRNA clusters with an abundance of at least 5 rpm in one of the 
genotypes were included in the analysis.  siRNA clusters with less than 1 rpm were set to this 
abundance so the relative difference between parents could be calculated.  Clusters were labeled 
according to which length of siRNA was in the majority (21, 22, 24-nt) and by the genetic 
feature in which they are located in the B73 genome.  Some clusters did not have a majority 
siRNA length, but clearly 21-nt and 22-nt siRNAs together made up the majority.  These clusters 
were also labeled as 22-nt clusters because the number of 22-nt siRNAs was generally higher 
than the number of 21-nt siRNAs.  The MIPS and MTEC repeat databases for the B73 genome 
(version 4a.53) were downloaded (http://ftp.maizesequence.org/current/repeats).  The Filtered 
Gene Set (FGS) GFF file for B73 (version 4a.53) was downloaded and parsed to only include the 
genes (http://ftp.maizesequence.org/current/filtered-set).  A new GFF file was created by adding 
or subtracting 1000 bp to the start and stop of each gene.  To determine if the siRNA clusters 
overlapped with any B73 repeats or genes, the MIPS and MTEC repeat GFF files and the 
unmodified and modified FGS GFF files were intersected with siRNA cluster GFF files using the 
open-source GFFintersect perl script (http://biowiki.org/GffTools/).  Clusters that were 
completely located within a gene or with the 1000-bp before and after the gene were 
characterized as genes regions.  The remaining clusters were divided into repeats or intergenic 
32 
regions based on whether or not they were completely located in repeat regions that were not 
located in or near genes.   
Quantitative real-time PCR 
Prior to reverse transcription (RT), total RNA was treated with Turbo™ DNAse 
according to the manufacturer’s directions to remove any genomic DNA contamination 
(Ambion, Foster City, CA, USA).  The RT reactions were performed using an MJ Research 225 
Tetrad Thermal Cycler (Biorad, Hercules, CA, USA).  The Q-RT-PCR reactions were performed 
using an MJ Research DNA Engine Opticon 2 Continuous Fluorescence Detection System. 
For monitoring the expression of cinful and GAPDH, cDNA was reverse transcribed in a 
total volume of 20 μL.  The RNA input reaction (0.8-1.0 μg of total RNA, 2 μL of oligo dT 
primer, dT23vn (NEB, Ipswich, MA, USA), and 1 μL of 10 mM dNTPs) was incubated at 65° 
for 5 minutes.  The RT cocktail (1 μL of M-MuLV reverse transcriptase (NEB), 1 μL of RNase 
inhibitor, human placenta (NEB), 2 μL of 10X M-MuLV reverse transcriptase reaction buffer 
(NEB), 2 μL of 0.1 M DTT (Invitrogen), and nuclease free water) was added to the RNA input 
reaction and incubated at 42° for 60 minutes.  The primers for monitoring cinful expression have 
been previously described (Ohtsu et al. 2007).  The primers used for monitoring GAPDH 
expression are: GAPDH_F’- ACTGTGGATGTCTCGGTTGTTG, GAPDH_R’- 
CCTCGGAAGCAGCCTTAATAGC.  Q-RT-PCR for cinful and GAPDH was performed in 20 
μl reactions consisting of 10 μl of 2X PerfeCTa® SYBR® Green FastMix® (Quanta 
BioSciences, Gaithersburg, MD, USA) and 1 μl of both forward and reverse primers (10 μM).  5 
μl of 1/25 diluted cDNA was used for GAPDH Q-RT-PCR quantification; whereas, 4 μl and 2 μl 
of cDNA was used for cinful Q-RT-PCR quantification in the shoot apex and the ear, 
respectively. Q-RT-PCR cycling parameters followed the manufacturer’s recommendations and 
used an annealing temperature of 60°.  Reactions were performed in duplicate.  According to the 
ΔΔCT method (Livak and Schmittgen 2001), cinful CT values were normalized using GAPDH CT 
values. 
The accumulation of maize miR156 and miR168 were measured via Q-RT-PCR using 
TaqMan™ microRNA assays (Applied Biosystems, Foster City, CA, USA).  We ordered a 
custom assay for maize miR168.  We used a TaqMan™ microRNA assay designed for 
Arabidopsis miR156a to monitor expression levels of maize miR156 because the species have the 
same mature miRNA sequence for these families.  The RT reactions were performed using the 
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TaqMan® MicroRNA reverse transcription kit (Applied Biosystems) with the following 
modifications.  For the shoot apex, the RT reaction consisted of: 2 μL of total RNA diluted to 25 
ng/μl, 3 μL of 5X miR156 reverse transcription primer, 3 μL of 5X miR168 reverse transcription 
primer, 2 μL of MultiScribe™ reverse transcriptase, 0.3 μL of 100 mM dNTPs, 1.5 μL of 10X 
reverse transcription buffer, 0.4 μL of RNase inhibitor, and 2.8 μL of nuclease free water.  The 
RT reaction for the developing ear contained 3 μL of 5X miR166 reverse transcription primer in 
place of the miR156 primer.   Duplicate Q-RT-PCR reactions were performed according to the 
manufacturer’s directions, using 9 μL and 3 μL of 1/15 diluted cDNA for miR156 and miR168, 
respectively.  According to the ΔΔCT method (Livak and Schmittgen 2001), miR168 CT values 
were normalized using GAPDH CT values, and miR156 CT values were normalized using 
miR168 CT values. 
 The molecular effect of the mop1-1 mutation on the generation of 24-nt siRNAs was 
confirmed using Q-RT-PCR to measure the accumulation of two 24-nt siRNAs (24-A: 
CGGCACGGTAGAATAAGCGGGCGG; 24-B: ACCCGGCACGGTAGAATAAGCGGG).  
We used the sRNA sequencing datasets generated by Nobuta et al. (2008) to find these 24-nt 
siRNAs, which are reduced in abundance in the ear due to mop1-1 
(http://mpss.udel.edu/maize/index.php?menu=ftp.php). Primers for RT and Q-RT-PCR were 
designed for these siRNAs and miR172 according to the sRNA Q-RT-PCR assay design shown 
in Yang et al. (2009).  To perform a multiplexed RT, equal volumes of 10 μM miR172, siRNA-1, 
and siRNA-4 RT primers were pooled.  The RNA input reactions contained 4 μl of the primer 
mix, 4 μl of 10 mM dNTP mix, and 2 μl of total RNA diluted to 25 ng/μl.  The RT and Q-RT-
PCR reactions were performed as described in Varkonyi-Gasic et al. (2007) using the Superscript 
III reverse transcriptase kit (Invitrogen) and 2X iQ SYBR Green Supermix (Biorad, Hercules, 
CA). The Q-RT-PCR reactions contained 5 μl of 1/5 diluted cDNA and 1 μl of both sRNA 
specific forward and universal reverse primers (10 μM) and were performed in triplicate.  
siRNA1 and siRNA4 CT levels were normalized using miR172 CT levels according to the ΔΔCT 
method, because the accumulation of miR172 is not affected by the mop1-1 mutation (Arteaga-




Statistical tests were performed using the SAS statistical software package V9.2 (Cary, 
NC, USA).  Correlation coefficients and significance values were calculated using the CORR 
procedure.  Wilcoxon rank sum tests were performed using the NPAIRWAY1 procedure.  Chi-
square 2x2 contingency tests were performed using the FREQ procedure.  Two sample t-tests for 
a difference in means for agronomic traits between the mop1 mutant and wild type genotypes, 
and between the hybrid and mid-parent values were performed using the TTEST procedure.  
Elsewhere, basic data processes were performed in Microsoft Excel workbooks, version 2007 
(Redmond, WA, USA).
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Table 2.1. Statistics of sRNA sequencing and summary of distinct sRNA datasets. 
2007 Shoot apex experiment After processing data to generate distinct sRNA dataset 
Library Raw reads 
# Distinct 




























B73 8,635,395 75,048 747,838 85 96 11 89 4 
Mo17 6,132,828 63,132 483,558 84 86 2 98 14 
B73xMo17 8,526,014 88,731 917,954 80 88 8 92 12 
Mo17xB73 8,539,768 90,120 985,369 80 88 8 92 12 
combined dataset 31,834,005 95,665 3,134,719 79 88 9 91 12 
                  
2011 Shoot apex experiment After processing data to generate distinct sRNA dataset 
Library Raw reads 
# Distinct 




























B73 36,436,365 76,444 11,323,869 78 93 16 81 6 
Mo17 36,449,268 74,544 10,658,233 78 84 6 94 16 
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Table 2.1. (cont.) 
 
High N Developing ear 
experiment After processing data to generate distinct sRNA dataset 
Library Raw reads 
# Distinct 




























B73 4,775,285 82,379 979,092 75 99 24 76 1 
Mo17 6,410,589 71,382 1,127,950 80 83 3 97 17 
B73xMo17 6,146,647 81,695 1,025,760 74 88 15 85 12 
combined dataset 17,332,521 118,625 3,132,802 71 89 18 82 11 
         Low N Developing ear 
experiment After processing data to generate distinct sRNA dataset 
Library Raw reads 
# Distinct 




























B73 3,840,712 85,965 792,687 75 99 23 76 1 
Mo17 6,016,372 79,047 1,120,157 79 83 3 97 17 
B73xMo17 5,677,392 97,005 1,056,852 72 89 19 84 11 




Table 2.2. Description of siRNA clusters found to have same parental differences in top 10% tails of siRNAs clusters for all 




Abundance in 2007 shoot apex libraries, 
rpm 
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Abundance in high N ear 
libraries, rpm 
Abundance in low N ear 









parent B73 Mo17 B73xMo17 Mo17xB73 B73 Mo17 B73 Mo17 B73xMo17 B73 Mo17 B73xMo17 
Annotation of siRNA region 
  































135688796 24 B73 30 0 16 26 26 0 56 0 32 54 0 18 
















Table 2.3. Mean agronomic trait values for mop1-1 mutant and wild type B73, Mo17 and their reciprocal hybrids. 
 
Agronomic trait 
Genotype Height (cm) 50% anther (d) 50% silk (d) Cob weight (g) Stover biomass (g) 
B73 201.5 72.60 75.60 19.3 92.4 
B73 mop1-1/mop1-1 182.3** 80.6**** 84.8**** 5.1**** 67.3* 
Mo17 210.9 70.60 76.20 12.2 86.5 
Mo17 mop1-1/mop1-1 196.1*** 72.2** 84.6**** 2.4**** 66* 
B73 x Mo17 269 67.60 70.40 23.3 130.1 
B73 x Mo17 mop1-1/mop1-1 250.6** 69** 79.4**** 14.5*** 128.1 
Mo17 x B73 273.8 67.80 71.20 21.4 125.9 
Mo17 x B73 mop1-1/mop1-1 257.9** 68.8* 79.2**** 15.1*** 123.2 
p-value < 0.1, *; < 0.01, **; < 0.001, ***; < 0.0001, **** 
   p-values obtained from two sample t-tests of equal means 
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Fig. 2.1. Summary of actively growing and highly proliferative tissues investigated for 
maize inbred and hybrid sRNA sequencing experiment.  (A) At 11 DAS, tissues enriched for 
the shoot apex were collected by removing emerged leaves and sampling the bottom 1 cm of the 
remaining leaf tissue.  (B) When the shoot had elongated 12 fully-expanded leaves (i.e., at V12), 
the top developing ear was excised.  (C) Hybrid vigor is readily observed at the developmental 
stages investigated.  Percent midparent heterosis observed for B73xMo17 for seedling biomass 
and height to the sheath-blade junction (ligule) of the twelfth leaf.  Reported measurements were 
















Seedling biomass 39.3 14.5







Fig. 2.2. Functional classification of sRNA datasets.  Shown is the percentage of each dataset’s 
total sRNA abundance accounted for by each functional class of sRNA for the shoot apex (left) 
and the developing ear (right).  To classify sRNAs, sequences were first aligned to the maize 
miRNA database and the Zea, Rfam and Arabdopsis tRNA repeats databases (see Materials and 
Methods).  sRNAs that did not fall into the miRNA, mite, transposon, retrotransposon, rDNA 
and tRNA categories were classified based on their number of locations in the B73 genome or if 
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Fig. 2.3. Comparison of miRNA family abundance across each experiment and between the 
genotypes in each experiment.  The total abundance column displays the abundance of 20-22-nt 
sRNAs matching the mature miRNA sequence for each miRNA family relative to each other in 
the shoot apex (left panel) and the ear (right panel).  For the miRNA families, the abundance of 
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Fig. 2.4. B73xMo17 does not have elevated miR168 levels compared to its parents in the 
seedling shoot apex or the developing ear.  Shown are ∆∆Ct values for miR168 as the target 
gene and GAPDH as the reference for the shoot apex (left) and developing ear (right).  
Expression values are relative to B73 samples at the 3 leaf stage or the V10 growth stage.  Error 






















































































































































Fig. 2.5. B73xMo17 and Mo17 seedlings similarly proceed through phase change earlier 
than B73 seedlings.  (A) Shown are the node positions for the first leaf glossy for B73, Mo17, 
and B73 x Mo17 plants.  Phenotypes were determined from 6 independent observations of at 
least three plants from field grown plots over 4 summers.  (B) Shown are ∆∆Ct values for 
miR156 as the target gene and miR168 as the reference for the shoot apex.  Expression values are 
relative to B73 samples at the 3 leaf stage.  Error bars represent ±SE of the mean of the ∆∆Ct 






































































































Fig. 2.6. Percentage of genotypes’ total sRNA abundance partitioned by length for the 
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Fig. 2.7. Global differences in sRNAs between parents and hybrids result from parents 
passing on different populations of distinct siRNAs.  Venn diagrams show percentage of total 
21- to 24-nt siRNA abundance accounted for by each genotypic group for the shoot apex (A) and 








































Fig. 2.8. Analysis of inheritance of putative parental specific siRNAs shows these siRNAs 
are inherited in an additive fashion in the shoot apex and tend to be inherited at levels 
below the midparent in the ear.  Shown are the distributions of d/a values, the hybrid deviation 
from midparent abundance relative to difference between parental abundances, for putative B73 
and Mo17 specific siRNAs for the shoot apex (A and B) and developing ear grown either with (C 
and D) or without (E and F) supplemental nitrogen.  Purple and green bars are d/a values for 
B73xMo17 and Mo17xB73, respectively.  siRNAs with an abundance of at least 5 rpm in B73 or 
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Fig. 2.9. Parental differences in siRNA regions primarily originate from repeats and 
deviate less from mid-parent in the shoot apex compared to the developing ear.  Shown are 
the 22-nt and 24-nt siRNA clusters with at least 5 rpm-repnorm for shoot apex (A-C) (n= 1,306) 
and developing ear (D-F) (n = 5,110).  Clusters are arranged in ascending order of parental fold 
change.  (A and D) Classification of clusters based on type and genetic feature.  (B and E) Degree 
of parental difference for siRNA clusters (log10 of high parent abundance divided by low parent 
abundance).  Clusters below the horizontal blue line have parental differences that fall within the 
top 10% of the values for all the clusters (shoot apex, 8.9-fold; ear, 9.5-fold).  (C and F) 
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Fig. 2.10. For the developing ear sample at low nitrogen, the abundance of 24-nt siRNA 
clusters in hybrids trends to below mid-parent levels as the difference between the parental 
abundances increases.  Shown are the 22-nt and 24-nt siRNA clusters with at least 5 rpm-
repnorm in the developing ear at low nitrogen (n = 6,044).  Clusters are arranged in ascending 
order of parental fold change.  (A) Classification of clusters based on type and genetic feature.  
(B) Degree of parental difference for siRNA clusters (log10 values of high parent abundance 
divided by low parent abundance).  Clusters below the horizontal blue line have parental 
differences that fall within the top 10% of the values for all the clusters (threshold- 9.8-fold).  (C) 










































































Fig. 2.11. Parental differences in retrotransposon siRNA activity are driven by 21-nt and 
22-nt siRNAs.  siRNA profiles are displayed for shoot apex (A) and developing ear (B).  The 
total abundance column displays the relative abundance of 21, 22 and 24-nt siRNAs matching 
maize characterized retrotransposon families present in the Zea repeats database (at most 1-bp 






























































































































































































































































































































































































































Fig. 2.12. Similar parental differences in retrotransposon siRNA activity driven by 21-nt 
and 22-nt siRNAs are observed in additional experiments.  sRNA profiles are displayed for 
2011 seedling shoot apex experiment (A) and developing ear at low nitrogen experiment (B).  
The total abundance column displays the relative abundance of 21, 22 and 24-nt siRNAs 
matching maize characterized retrotransposon families present in the Zea repeats database (at 
most 1-bp mismatch).  For each retrotransposon family, abundance is partitioned by genotype 














































































































































































































































































































































Fig. 2.13. B73 seedling shoot apices and developing ears have a higher level of cinful 
expression than those of Mo17.  Shown are ∆∆Ct values for cinful as the target gene and 
GAPDH as the reference for the shoot apex (left) and developing ear (right).  Expression values 
are relative to B73 samples at the 5 leaf stage and the V10 growth stage.  Error bars represent ± 

















































































































































Shoot apex                                                 Developing ear
52 
Fig. 2.14. Loss of mop1-1 reduces 24-nt siRNAs in the developing ear but does not suppress hybrid vigor for B73xMo17.  (A) 
∆∆values for siRNAs 24-A and 24-B using microRNA172 as the reference.  RNAs were assayed from developing tissue (top ear from 
V10-V12 plant growth stage) from wild type and mop1-1 field grown plants.  Error bars represent ±2 standard errors of the mean of 
the ∆∆Ct values for four individual ears.  (B) Vegetative and reproductive growth for wild type and mop1-1 mutant B73xMo17 
hybrids compared to their parents.  (C) Hybrid to inbred ratio for mean agronomic trait values.  For each genotype, the height of 20 











































































































































**** p-value < 0.1
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Over-expression of glossy15 alters hybrid vigor and loss of modifier of paramutation1 
increases inbreeding depression in maize 
Introduction 
Hybrid vigor and inbreeding depression occur in many eukaryotes and are considered to 
be the converse of each other because they describe the positive and negative changes in growth 
and health associated with an individual’s level of heterozygositiy.  Both phenomena were 
initially described in great detail in maize (East 1908; Shull 1908), where their utility to 
agriculture was demonstrated by Jones (Crabb 1948).  Because of their importance to agriculture 
and to our understanding of biology, scientists apply new theories and technologies to explore 
their genetic basis (Kristensen et al. 2010; Kaeppler 2012).  Most recently, the contribution of 
small RNAs (sRNAs) to hybrid vigor has been investigated because of their emergence as major 
regulators of gene expression and advancements in sequencing technology that allow for their 
high throughput analysis (Ghildiyal and Zamore 2009; McCormick et al. 2011).  While many 
sRNA sequencing studies (Ha et al. 2009; He et al. 2010; Groszmann et al. 2011; Kenan-Eichler 
et al. 2011; Barber et al. 2012; Li et al. 2012; Shen et al. 2012) have demonstrated that sRNAs fit 
the genetic principles known and hypothesized to contribute to hybrid vigor in plants (Birchler et 
al. 2010), the link between these molecular observations and the greater growth of hybrids is 
unknown.  For example, many studies report reductions in 24-nt small interfering RNAs 
(siRNAs) following hybridization, but only one study performed a genetic test to determine if a 
24-nt siRNA biogenesis pathway is required for hybrid vigor and found it is not necessary 
(Barber et al. 2012).  Therefore, it is important to use genetically modified lines to directly test 
the necessity of microRNAs (miRNAs) or siRNAs to hybrid vigor and inbreeding depression. 
In this study, we used two genetic modifications that disrupt sRNA controlled 
mechanisms that contribute to phenotypes changed by hybridization and inbreeding.  First, 
transgenic over-expression of the APETALA2-like gene Glossy15 (Gl15) reduces the activity of 
microRNA172 (miR172) to promote vegetative phase change.  In maize, this transition is 
controlled by the balance of miR172 and Gl15 mRNA, with miR172 reducing Gl15 mRNA levels 
by targeting it for post-transcriptional degradation (Lauter et al. 2005).  The additional copies of 
Gl15 encoded by the transgene delays and lengthens the transition between the juvenile and adult 
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vegetative growth phases.  These changes cause the transgenic plants to accumulate greater 
vegetative biomass and to flower later, both of which reduce harvest index (ratio of grain to non-
grain biomass) (Pulam 2012).  Because maize hybrids flower earlier, are larger in size and 
exhibit increased grain harvest index compared to their parents, we hypothesize that the Gl15 
and miR172 regulatory system (Gl15/miR172) may contribute to hybrid vigor.  Moreover, 
miR172 was found to have increased expression following hybridization in a sRNA sequencing 
study of maize parents and their reciprocal hybrids (Barber et al. 2012).  Using an inbred line 
homozygous for the transgene (Gl15-TG87) and its non-transgenic isoline (Lauter et al. 2005), 
we produced transgenic and wild type hybrids.  If Gl15/miR172 contributes to the heterotic 
response, then we expect transgenic hybrids to exhibit less hybrid vigor for flowering time than 
wild type hybrids because the transgene delays flowering time.  We also expect the transgenic 
hybrids to have greater hybrid vigor for vegetative biomass because the transgene lengthens a 
developmental window on which the effects of hybridization can act. 
Second, mutation of the RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) encoded 
by the modifier of paramutation1 (mop1) locus in maize prevents the establishment and 
maintenance of paramutation at multiple alleles and has drastic developmental defects, such as 
delayed flowering, developmental defects and stunting (Arteaga-Vazquez and Chandler 2010).  
Paramutation describes trans interactions between alleles or homologous sequences that establish 
distinct gene expression states, which are then heritable for many generations (Chandler 2010).  
At the molecular level, paramutation is thus far described as an allele producing 24-nt siRNAs 
that act in trans on the other allele to direct DNA methylation and histone modifications that 
silence its expression.  Mutation of mop1 also releases tissue specific silencing of alleles 
insensitive to paramutation (Sidorenko and Chandler 2008), reactivates Mutator transposons 
(Lisch et al. 2002) and increases the expression of a large number of class II transposable 
elements (TEs) (Jia et al. 2009).  These changes most likely result from the mop1 mutation 
impairing the RNA-directed DNA methylation system in maize by reducing global levels of 24-
nt siRNAs, particularly from repeat regions (Nobuta et al. 2008; Arteaga-Vazquez and Chandler 
2010).  Although previous work has shown that the mop1 24-nt siRNAs biogenesis pathway is 
not required for the hybrid vigor displayed by B73xMo17 (Barber et al. 2012), 24-nt siRNAs  
may contribute to other aspects of hybrid vigor, such as enhanced stress tolerance of hybrids.  
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For example, RDR2 genes appear to mediate environmental stress response in Arabidopsis and 
tobacco (Pandey and Baldwin 2008; Dowen et al. 2012).   
The mop1 gene may also mediate changes in growth due to genetic stress, such as 
inbreeding, because reactivation of a previously paramutated and silenced Pl-rr’ allele and a 
silenced MuDR transposon occurs over several generations in the presence of the mutation 
(Woodhouse et al. 2006; Sidorenko and Chandler 2008).  Based on this molecular evidence, we 
hypothesize that reductions in mop1-dependent 24-nt siRNAs disrupts the establishment of 
silencing of transposons and unfavorable alleles, which in each successive generation of 
inbreeding can lead to more severe and variable impacts on gene expression and growth.  To test 
these hypotheses, we conducted two experiments using the B73 x Mo17 hybrid and the isogenic 
mop1 mutant hybrid described previously (Barber et al. 2012).  We measured the hybrids’ 
growth in the presence and absence of additional nitrogen fertilizer to determine if the loss of 
mop1 reduces the hybrid response to an environmental stress.  From the mutant and wild type 
hybrids, we produced F2 populations and then randomly generated F3 lines to test the effect of 
the mop1 mutation on inbreeding depression. 
 
Results 
Over-expression of glossy15 affects the degree of hybrid vigor for flowering time and stover 
biomass 
 H99 lines homozygous for the Gl15-TG87 have been previously described (Lauter et al. 
2005).  H99 is a maize inbred line with a Lancaster Sure Crop genetic background like Mo17 
(Losa et al. 2011), which is commonly used as a male parent in North American (NA) corn 
breeding.  Therefore, transgenic and wild type H99 lines were crossed as males to three different 
inbred lines (B73, FR1064 and LIZL5) commonly used as female parents to generate hybrids 
relevant to North American corn breeding.  The expected behavior of the Gl15-TG87 was 
confirmed by the transgenic lines having a significantly greater number of leaves that produce 
juvenile wax and flowering significantly later than the wild type lines (p-value < 0.01; Table 
3.1).  The data from the replicated field trial show that over-expression of gl15 affects the degree 
of hybrid vigor for flowering time and stover biomass for B73xH99, FR1064xH99 and 
LIZL5xH99 (Figs. 3.1 A-C).  In all three of the hybrid backgrounds, the transgene significantly 
reduces hybrid vigor for days to 50% silk (p-value < 0.05) and significantly increased hybrid 
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vigor for stover biomass (p-value < 0.1).  In only the B73xH99 and LIZL5xH99 backgrounds, 
the transgene significantly reduced hybrid vigor for days to 50% shed (p-value < 0.05). 
 
The mop1 mutation does not affect the physiological response of B73xMo17 to nitrogen, but 
increases its degree of inbreeding depression 
The backcrossing of the mop1-1 mutant allele into B73 and Mo17 and the generation of 
mutant and wild type hybrids has been previously described (Barber et al. 2012).  To test if mop1 
contributes to the stress response of maize hybrids, we grew B73xMo17 hybrids homozygous for 
the mop1-1 mutant allele or the wild type parental alleles under high and low nitrogen conditions 
in a replicated field trial and measured their change in biomass and nitrogen accumulation in 
response to the nitrogen treatment.  Both the mop1-1 and wild type hybrids had significantly 
higher grain weights and amounts of grain nitrogen under high nitrogen compared to low 
nitrogen, confirming the expected effects of the treatment (p-value < 0.05; Fig. 3.2; Table 3.2).  
However, mop1-1 does not affect the physiological response of B73xMo17 to nitrogen as shown 
by the mutant and wild type hybrids’ similar changes in total biomass (8.8% ± 9.1, 17.4% ± 8.3), 
stover biomass (-7.5% ± 8.7, -16.3% ± 7.6) and grain weight (52.2% ± 12.3, 58.5% ± 12.2) 
following the application of nitrogen (Fig. 3.2A).  The total biomass for mop1-1 and wild type 
hybrids under both nitrogen treatments is not significantly different, but the hybrids differ in how 
they achieved this biomass.  The mutant hybrids made significantly less grain and more stover 
than the wild type hybrids, showing that mop1-1 alters the harvest index of B73xMo17 (p-value 
< 0.05; Fig. 3.2A; Table 3.2). 
To test the impact of mop1-1 on maize growth during inbreeding, we followed the classic 
approach to study inbreeding depression for self-fertile plants explained by Charlesworth and 
Willis (2009).  We generated wild type and mutant B73xMo17 F2 populations and B73xMo17 F3 
lines and calculated their change in plant height after either 1 or 2 generations of selfing relative 
to the average height of hybrids representative of the material from which the F2 populations 
were initially derived.  Hybrids and F2 populations were grown together in separate blocks in the 
same field in 2011, and hybrids, F2 populations and F3 lines were similarly grown in 2012.  
Comparisons were made between materials grown in the same year.   
Similar to previous findings, mop1-1 did not reduce hybrid vigor for plant height (Table 
3.3).  However, we found that mop1-1 leads to a greater degree of inbreeding depression for 
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height.  In both years, the mutant F2 populations have significantly lower medians for percent 
change in height due to selfing than the wild type populations (p-value < 0.001; Figs. 3.3 A and 
B).  Both populations have individuals with heights greater than the average of the hybrids, but 
the wild type population does not have individuals with as extreme depression as the mutant 
population. We also more frequently observed drastic developmental mutations in the mop1-1 F2 
population than the wild type population, such as feminization or sterilization of tassels (Figs. 
3.4 A and B).  Similarly, the group of mutant F3 lines has a significantly lower median for 
percent change in height than the wild type group (p-value < 0.001; Fig. 3.3B).  Moreover, the 
difference between the groups is larger after an additional generation of selfing.  The mutant 
group has a significantly higher median of coefficient of variation (CV) for plant height than the 
wild type group, indicating that the mutant background has greater variance within lines (p-value 
< 0.001; Fig. 3.3C). 
While working with mop1-1 Mo17 in the field, we observed that the disease mimicry 
phenotype of Mo17, which is observable as little yellow lesions on leaves, is greatly enhanced in 
the mutant background (Figs. 3.4 C and D).  Mo17 has a recessive lesion mimic locus, but it is 
prevented from expressing normally by a couple of suppressors present elsewhere in the genome 
(personal communication, Guri Johal 2009).  A similar finding of enhanced lesions was observed 
in other mop1 mutant material and both together suggest that mop1 may interact with the lesion 
mimic locus or its suppressors. 
 
Discussion 
The balance of Gl15 and miR172 contributes to heterosis in maize 
We found that disrupting the balance of Gl15 and miR172 through over-expression of 
Gl15 affects the degree of hybrid vigor for vegetative and reproductive traits (Fig. 3.1).  The 
transgene reduces hybrid vigor for flowering time, but increases it for stover biomass.  This 
difference is not unexpected, as Gl15 over-expression acts to delay flowering time when 
hybridization typically accelerates it, whereas the prolonged period of vegetative growth due to 
Gl15 over-expression enhances the magnitude of the heterotic effect on stover biomass.  It is 
important to point out that the increased hybrid vigor for stover biomass may be offset with 
decreased hybrid vigor for grain yield.  The transgene reduces harvest index by delaying 
flowering time and disrupting pollination and thus, reduces grain accumulation (Pulam 2012).  In 
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future studies, hand pollination of the inbred lines and hybrids should be performed to ensure 
optimal seed set. 
A previous study in Arabidopsis suggested that the greater growth of hybrids and 
allopolyploids compared to their parents is due to epigenetic modifications of the core circadian 
clock regulatory genes CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), LATE ELONGATED 
HYPOCOTYL (LHY), TIMING OF CAB EXPRESSION 1 (TOC1) and GIGANTEA (GI) (Ni et al. 
2009).  However, a recent transcriptomic study that profiled of maize leaves every 4 hours over a 
72 hour period found that circadian clock genes were additively expressed (Hayes et al. 2011).  
Although altered circadian rhythms may not be a universal mechanism for hybrid vigor in plants, 
expression changes in the core regulators would affect carbon metabolism as demonstrated by Ni 
et al. (2009) because many genes involved in starch and chlorophyll metabolism contain cis-
regulatory elements recognized by these genes.  Interestingly, GI mediates the processing and 
accumulation of miR172 to control flowering time through a genetic pathway independent of 
CONSTANS (Jung et al. 2007).  It is possible that the enhanced hybrid vigor we observed for 
stover biomass in transgenic hybrids is due to the increased levels of Gl15 raising the threshold 
where miR172 exerts biological activity, and thus, prolonging or enhancing the activity of GI to 
induce metabolism and support greater growth. 
The similar degree of growth response to nitrogen fertilizer application between the mop1 
mutant and wild type B73xMo17 hybrids suggests that the mutation does not further impair the 
hybrid under nitrogen stress conditions or prevent it from responding to a change in the stress.  
Like the Gl15-TG87, the mop1-1 allele affects the timing and development of reproductive traits, 
most likely by altering processing of some miRNAs and by disrupting the overall stoichiometry 
of sRNAs and ARGONAUTE proteins (Arteaga-Vazquez and Chandler 2010).  The reduced 
harvest index of mop1 mutant hybrids compared to wild type hybrids may be due to the 
associated defects on reproductive development that decrease grain production, rather than a 
direct impact of the mop1 mutation on nitrogen metabolism.  Other sRNAs, such as miRNAs 
reported to respond to nitrogen stress treatments in maize (Zhao et al. 2012), are good candidates 
for mediating hybrid response to nitrogen fertilizer and provide candidates for future genetic 
tests. 
Recently, loss of RDR2 in Arabidopsis was reported to improve resistance to bacterial 
pathogens (Dowen et al. 2012).  Our observation that the mop1 mutation enhances the disease 
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lesion mimicry phenotype in the Mo17 background also suggests a connection between RDR2 
and pathogen response (Fig. 3.4).  It is unlikely that RDR2 plays a direct role in pathogen 
response; instead, RDR2 mutations likely have an indirect effect by impairing RNA-directed 
DNA methylation and changing the expression of genes that mediate the response to a pathogen.  
For example, Dowen et al. (2012) found that the Arabidopsis methylome dramatically changes in 
response to pathogenic and non-pathogenic bacteria or salicylic acid and that some of these 
changes are associated with differentially expressed genes.  Interestingly, they also discovered 
that changes to DNA methylation and siRNA activity in TEs can regulate the expression of 
neighboring genes in response to salicylic acid.  The enhanced disease lesion mimicry of mop1 
mutant Mo17 suggests that a similar change in TE methylation, siRNA activity and expression of 
neighboring genes may occur.  This fits with previous reports that show the mutation leads to an 
increase in TE expression from the loss of 24-nt heterochromatic siRNAs (Lisch et al. 2002; 
Woodhouse et al. 2006; Jia et al. 2009).  Presumably, some of these changes occur at or near loci 
that control this phenotype or the suppressors that modify it.  Interestingly, the influence of 
RDR2 on pathogen responses in both maize and Arabidopsis suggest that TEs provide their host 
a beneficial way to modify expression of their genome in response to stress.  Epigenetic changes 
are now recognized as being critically important for host response to stress and TEs will likely 
continue to be implicated in these processes because much of epigenetic regulation is initially 
derived from TEs (Lisch and Bennetzen 2011; Becker and Weigel 2012; Gutzat and Mittelsten 
Scheid 2012). 
 
Inbreeding and transposon regulation 
We found that loss of mop1 dependent 24-nt siRNAs leads to more severe inbreeding 
depression than what is normally observed when the RDR2 RNA-directed DNA methylation 
system is functional (Figs. 3.3 A and B).  The level of inbreeding depression observed is 
frequently species specific (Charlesworth and Willis 2009), and the percent change in plant 
height between F1 and F2 generations due to selfing for our wild type materials is similar to those 
previously reported for the species (Good and Hallauer 1977).  We interpret the greater degree of 
inbreeding depression in the mop1 mutant background to reflect the F2 and F3 plants’ inability to 
deal with the genetic load from TEs and to overcome the stress of inbreeding.  Transposition has 
been observed following self-pollination in maize so it likely occurs during inbreeding (Alleman 
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and Freeling 1986). It may occur more frequently in a mop1 mutant background because the 
mutation results in genomic instability through the loss of TE silencing from the depletion of 24-
nt siRNAs (Arteaga-Vazquez and Chandler 2010).  Recent RNA sequencing work also shows 
that TE expression is elevated in the mop1 mutant isolines ofB73, Mo17 and B73xMo17 
(personal communication, Li 2012).  We would expect this elevated TE expression to remain 
during inbreeding and for recombination to combine differences in TE activity that exist between 
the B73 and Mo17 in F2 and F3 plants increasing their genetic stress. 
We also found that the mop1 mutation increased phenotypic variation for plant height 
within F3 lines relative to wild type (Figs. 3.3C).  This greater variance indicates that more 
differences in gene expression exist among individuals within a F3 line where RDR2 function is 
reduced.  The greater variance may result from mop1 mutant F2 plants lacking the ability to 
transmit gene expression patterns of alleles to their progeny that are usually established in the F1 
and F2 generations, where different alleles have a greater chance to interact.  Based on the 
activity of RDR2 dependent 24-nt siRNAs to establish paramutation (Chandler 2010) and 
maternal imprinting in plants (Mosher et al. 2009), we expect transmission of expression states in 
the form of DNA methylation between F2 and F3 stages to be directed by 24-nt siRNAs.  These 
expression patterns may be established between alleles, as in paramutation, but given the few 
reported genetic cases that fit the classical definition of paramutation, it is more likely to be 
established by siRNAs acting in trans on other loci.  The possibility of these situations occurring 
in maize is high given the dramatic variation in siRNA production from TEs (Barber et al. 2012), 
most genes have a TE as a neighbor and the high degree of non-collinearity between inbred lines.  
Overall, the greater and more variable degree of inbreeding depression in the mop1 background 
suggests that the function of mop1 dependent 24-nt siRNAs during inbreeding is to maintain 
silencing of TEs and expression levels of genes that are more favorable for growth to deal with 
the genetic stress of inbreeding and to mediate proper inheritance of gene expression to create 
genetic variation. 
 In the past, it has been proposed that theories on the genetic basis of hybrid vigor must 
also explain inbreeding depression.  An early favored explanation for the genetic basis of hybrid 
vigor is the complementation of deleterious alleles, which also suggested inbreeding depression 
can arise due to the accumulation of homozygosity of deleterious alleles. This historical 
perspective has frequently led to the view that heterosis and inbreeding depression describe the 
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converse sides of the same genetic phenomenon (Charlesworth and Willis 2009).  Our results 
from genetic tests using the mop1 mutation show that the two genetic phenomenon are not the 
direct converse of each other, because mop1-1 affects the degree of inbreeding depression of 
plant height but not the degree hybrid vigor of plant height for B73xMo17 (Figs. 2.14 and 3.3).  
Barber et al. (2012) previously suggested that the loss of mop1 dependent 24-nt siRNAs may not 
have impacted hybrid vigor for this cross because the mutation may have accomplished what 
hybridization appears to generally do in plants, reduce 24-nt siRNAs.  This change has been 
hypothesized to allow genes in hybrids to escape regulation from siRNAs directing DNA 
methylation on nearby TEs, which is established during inbreeding, and to create novel 
expression patterns that contribute to greater hybrid growth (Freeling et al. 2012).  It may be 
more important to have a large and diverse population of 24-nt siRNAs in inbreds relative to 
their hybrids to deal with the genetic load created by TEs and other unfavorable alleles, which 
could explain why the degree of inbreeding depression is higher in the mop1 background.  For 
example, the molecular response to the genetic stress of inbreeding in other eukaryotes is the 
upregulation of stress related transcripts, proteins and metabolites to deal with the expression of 
the genetic load that affects protein stability and folding (Kristensen et al. 2010). 
Our findings suggest that the siRNA mediated TE regulation and transgenerational 
inheritance of gene expression patterns are key molecular changes that occur during inbreeding.  
Rasmusson and Phillips (1997) speculated that plant breeders utilize de novo variation that 
results from epigenetic changes to improve crops.  In regards to plant breeding activities, 
hybridization may reset parental differences in siRNA regulation of TEs and inbreeding could 
reestablish it to levels similar to the parents or create new levels of regulation.  This hypothesis is 
supported by a recent report that found de novo variation in 21-24-nt siRNA accumulation 
following selfing wide crosses in tomato plants (Shivaprasad et al. 2011).  The ability of plant 
breeders to continue to derive improved lines from narrow crosses of elite lines is surprising, but 
it is possible that their activities generate new and useful variation mediated by changes in TE 
regulation during inbreeding. 
 
Materials and Methods 
Plant materials and phenotypic measurements 
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The genetic engineering of H99 lines to contain an extra copy of the W64A Gl15 allele 
that leads to Gl15 over-expression has been previously described (Lauter et al. 2005).  The 
phenotype of the Gl15 transgenic event Gl15-TG87 was confirmed by the prolonged production 
of wax on at least three additional leaves compared to wild-type H99.  Wild type and transgenic 
Gl15-TG87 lines were crossed to B73, FR1064 and LIZL5 in the summers of 2006 and 2007 to 
generate hybrid seed (Urbana, IL). 
The mop1-1 loss of function allele and its backcrossing into B73 and Mo17 has been 
previously described (Alleman et al. 2006; Barber et al. 2012).  The impact of this mutation on 
the hybrid vigor of B73xMo17 was tested in the summer of 2011 (Urbana, IL, Barber et al. 
2012).  Plants present in B73 and Mo17 homozygous mutant lines were crossed to regenerate 
mutant B73xMo17 hybrid seed.  Two plants from wild type and mop1 mutant B73xMo17 hybrid 
plots were selfed to generate mutant and wild type B73xMo17 F2 seed.  In the summer of 2011, 
240 mutant and wild type B73xMo17 F2 seeds were sown and individuals were randomly selfed 
to generate 48 and 50 mutant and wild type B73xMo17 S2 lines. 
Stover biomass and grain yield measurements for all inbred parents (wild-type, mop1 
mutant, and Gl15-TG87 introgressions) and their hybrids was performed as previously described 
(Uribelarrea et al. 2007; Barber et al. 2012).  For the Gl15-TG87 tests, flowering time, plant 
height and stover biomass were measured as described in Barber et al. (2012), except that at least 
6 plants from the row were measured for plant height. 
To minimize the effects of plant competition, hybrids and their inbred parents were 
planted in separate blocks in the summer of 2011 for phenotypic measurements.  This material 
was part of a larger experiment that measured the nitrogen use efficiency of a wide range of 
hybrids and some of their parents.   For the hybrids, 40 seeds were sown per 5.6 m plot, and plots 
were spaced 76 cm apart.  For the inbreds, 15 seeds were sown per 3.6 m plot with the same 
spacing.  The hybrids were split into two blocks, one that was supplemented with nitrogen at a 
rate of 200 kg/ha, which is the recommended amount for corn production in the Midwestern US, 
and another that was not supplied additional nitrogen.  To minimize environmental variation, the 
same hybrid genotypes were grown in adjacent ranges that differed for their amount of 
supplemental nitrogen fertilizer (either none or 200 kg/ha).  The inbreds were separated into four 
blocks, two that were supplemented with nitrogen at a rate of 112 kg/ha and two that were not.  
Gl15-TG87 and wild type B73xH99, FR1064xH99 and LIZL5xH99 were sown in two row plots 
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that were adjacent to each other to minimize environmental variation between the treatment due 
to the transgene.  mop1-1 mutant and wild type B73xMo17 were sown in one row plots that were 
adjacent to each other to minimize environmental variation between the treatment due to the 
mutation. 
In the summers of 2011 and 2012, mop1-1 mutant and wild type B73xMo17 F2 
populations were sown in the form of 12 plots of 20 seeds.  The plots were 3.6 m in length and 
spaced 76 cm apart.  Mutant and wild type B73xMo17 were sown similarly in four replicated 
blocks where the mutant and wild type hybrids were adjacent to each other.  Additionally, in the 
summer of 2012, 1 plot was sown similarly for each mutant and wild type B73xMo17 F3 line.  
For the F2 populations, plant height was measured on every individual.  For the hybrids and F3 
lines, plant height was measured on 6 and 10 plants respectively.  Inbreeding depression for plant 
height was measured by calculating the percent change in plant height between F2 individuals or 
F3 lines and the mean of the hybrids grown in the same year. 
Statistical tests were performed using R statistical software version 2.10.1 (http://www.r-
project.org).  Student’s T-tests were performed using the t.test function.  Wilcoxon-rank sum 













Table 3.1. Mean values for marker traits of both vegetative and reproductive phase change 









n 7.00 68.00 69.75 
y 10.50* 86.75* 90.50* 
B73xH99 
n 7.00 65.75 67.50 
y 9.75* 75.50* 78.75* 
FR1064xH99 
n 7.00 65.50 67.00 
y 9.00* 73.75* 77.50* 
LIZL5xH99 
n 9.00 66.75 68.75 
y 12.00* 77.25* 80.75* 
Means are calculated from four rows.  For each row, the median last leaf 
wax value was calculated. 
p-value < 0.01, * 













Table 3.2. Mean weights for biomass components and amounts of nitrogen for mop1 and wild type B73xMo17 plants grown 
under high and low nitrogen conditions. 
 
biomass (g/plt) nitrogen (g/plt) 
Genotype 















 low high 
mop1-1 178.5 162.8 15.8 19.3 62.0 92.6* 256.3 274.7 0.8 1.0 0.8 1.4* 1.7 2.4* 
wild type 131.1 107.4 18.7 25.8* 101.8 157.3* 251.6 290.5 0.5 0.5 1.0 1.9* 1.5 2.4* 
* denotes significant difference (p-value < 0.05) in means between nitrogen treatments for a genotype 
† denotes significant difference (p-value < 0.05) in means between genotypes for treatment 










Table 3.3. Percent midparent heterosis for mop1-1 mutant and wild type B73xMo17. 
Year Genotype 




wild type 27-37% 
2012 
mop1-1 46-64% 
wild type 23-29% 
Mean values were calculated from four replicate blocks where mop1-1 and wild type hybrids 


















Fig. 3.1. Over-expression of gl15 does not affect the higher growth rate or larger size of 
hybrids compared to their parents.  Shown is the hybrid to inbred ratio for mean agronomic 
trait values for (A) B73xH99, (B) FR1064xH99 and (C) LIZL5xH99.  For each genotype, values 


























































































Fig. 3.2. Loss of mop1 does not affect the physiological response to nitrogen of B73xMo17 hybrids.  Shown are the mean trait 
values for biomass accumulation (A) and for nitrogen accumulation (B) for mop1-1 mutant and wild type B73xMo17 hybrids grown 
under low (no supplemental fertilizer added) and high (200 kg/ha) nitrogen treatments.  The total height of a sample’s bar plots 
indicate its total biomass or nitrogen accumulation; whereas, the individual bars for a sample indicates its cob, grain or stover 
biomasses and grain or stover nitrogen.  Significant differences (p-value < 0.05) were observed for mean values for stover biomass, 
cob weight and grain weight between the genotypes at high and low nitrogen.  Mean values were calculated from 5 replicate blocks 
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Fig. 3.3. mop1-1 mutant B73xMo17 F2 populations and F3 lines show a greater degree of inbreeding depression for plant height 
than wild type populations and lines.  (A and B) Box plots showing the median and outlier values for the percent change in plant 
height due selfing for (A) mutant and wild type B73xMo17 F2 populations grown in 2011 and for (B) mutant and wild type F2 
populations and F3 lines grown in 2012.  The change in height was calculated relative to average height of mutant and wild type 
hybrids grown in the same year.  (C) Box plots showing the median and outlier values for coefficient of variation for plant height for 
mutant and wild type groups of F3 lines.  All box plots have whiskers with maximum 1.5 IQR and outliers are denoted by the open 
circles beyond the range of the whiskers.  For each box plot, the median values for mutant and wild type material are significantly 






































































































































Fig. 3.4. Loss of mop1 disrupts proper development of reproductive tissues in B73 and 
Mo17 and enhances the disease lesion mimicry phenotype of Mo17.  Shown are examples of 
the (A) feminization or (B) sterilization of tassels that frequently occur in B73xMo17 F2 
individuals homozygous for the mop1 mutation.  Shown are the greater size and frequency of 










Regulatory diversity of retrotransposons in maize exhibits a genetic component 
 
Introduction 
McClintock first described transposable elements (TEs) as controlling elements because 
they controlled the activity of a locus in which they inserted (1951).  TEs are typically silenced 
through epigenetics to prevent transposition, but they become active in proliferating cells and 
during specific developmental windows in plants and animals (Martinez and Slotkin 2012).  TE 
expression is counteracted by RNA silencing pathways that produce small RNAs (sRNAs), 
which also allow TEs to control gene expression without directly inserting into a gene (McCue 
and Slotkin 2012).  In plants, small interfering RNA (siRNA) directed DNA methylation of TEs 
can spread to nearby genes, and siRNAs generated from a TE transcript can target a gene’s 
transcript for degradation.  Both have been described as epigenetic regulation because the switch 
to TEs producing post-transcriptional regulators follows epigenetic activation of the element.  
Many eukaryotic genomes contain an abundance of TEs that at a population level have varying 
levels of activity and different locations.  Therefore, RNA silencing of TEs not only has the 
potential to significantly control gene expression but also to contribute to genetic variation and 
quantitative traits. 
The amount of variation in TE siRNA activity for a species is unknown, but epigenetic 
variation is distinct from genetic variation in plants and expected to exceed to genetic diversity 
and to contribute differently to evolution (Becker and Weigel 2012).  Studies in Arabidopsis, 
maize and wheat have provided a glimpse of it by profiling the siRNA populations of parents and 
their hybrids through sRNA sequencing (Ha et al. 2009; Groszmann et al. 2011; Kenan-Eichler 
et al. 2011; Barber et al. 2012; Li et al. 2012; Shen et al. 2012).  Parents differed in their 
accumulation of siRNAs, many which were derived from TEs, and hybridization passed on or 
modulated these differences, suggesting that new regulatory systems, some mediated by TEs, are 
created in hybrids.  DNA methylation and RNA sequencing can also be used to monitor TE 
regulation, but neither is as efficient or informative as sRNA sequencing.  TE transcripts are 
underrepresented in mRNA, and their detection only shows expression; whereas, a large portion 
of the sRNA transcriptome in plants is produced by TEs, and detection of specific siRNA lengths 
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shows if regulation is post-transcriptional (typically mediated by 21-22-nt siRNAs) or 
transcriptional (24-nt siRNAs), respectively (Hamilton et al. 2002).  Because of RNA-directed 
DNA methylation, monitoring siRNA activity at a locus can report DNA methylation activity 
there and requires less sequencing depth, as shown by many recent studies in plants that dually 
performed sRNA and DNA methylation sequencing (Groszmann et al. 2011; Chodavarapu et al. 
2012; Dowen et al. 2012; Shen et al. 2012). 
 The long terminal repeat (LTR)-retrotransposons of maize provide an excellent system 
for studying a species’ diversity in TE regulation because they account for 75% of the maize 
genome (Schnable et al. 2009), are well characterized into families based on their LTR 
sequences (Baucom et al. 2009) and produce siRNAs (Nobuta et al. 2008).  Maize inbred lines 
have been hypothesized to greatly vary in their TE activity (McClintock 1984), and evidence 
supports this hypothesis (Lisch et al. 1995; McCarty et al. 2005), but no study has surveyed TE 
activities across a broad sampling of maize diversity.  Moreover, findings in maize will provide a 
foundation for future exploration of genetic variation in RNA silencing of TEs in other 
organisms with complex genomes, including humans, which also has active TEs at many 
developmental stages (McCue and Slotkin 2012).  To investigate the properties and diversity of 
siRNA activity of LTR-retrotransposon families (LTR-families) in maize, we sequenced sRNAs 
from shoot apices of 14 day old seedlings of 36 diverse maize inbred lines.  We chose to sample 
the shoot apex because it is enriched for meristematic tissue where seedling growth is 
programmed and epigenetic activation of LTR-retrotransposons occurs with documented 
genotypic variation in siRNAs (Ohtsu et al. 2007; Barber et al. 2012; Martinez and Slotkin 
2012).  We investigated the patterns of variation in LTR-siRNA activities within the context of 
past, present, and future paradigms for exploiting genetic variation for improvement of maize 
and other agriculturally important plant species. 
 
Results 
Discovery of LTR-retrotransposon derived siRNAs in maize 
The genotypic panel consists of inbred lines (Table 3.1) selected to broadly represent the 
efforts of breeding maize hybrids for different targeted end uses: high grain yields of dent corn in 
the temperate and productive U.S. Corn Belt, high grain yields of both dent and flint types in 
tropical environments, and direct human consumption as either popcorn or sweet corn.  The 
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Illinois LTS lines represent one of the open-pollinated varieties in common use among U.S. Corn 
Belt farmers at the turn of the 20
th
 century, which were then subjected to long-term divergent 
selection for grain protein and oil composition  (Long Term Selection, LTS, Moose et al. 2004; 
Uribelarrea et al. 2004).  Although this population was the source from some of the earliest 
parental inbreds of commercial maize hybrids, it has not been selected for many of the factors 
that contributed to improved agronomic performance.  The NAM represent diversity present in 
maize inbreds used broadly as parents of single-cross hybrids during the past half-century, where 
the  major population structure is due to geographic origin, either from temperate (NSS, SS, 
sweet, pop classifications) or tropical latitudes (trop classification), where adaptation to 
photoperiod is a dominant phenotypic component (Nested Association Mapping, NAM, Yu et al. 
2008).  The PVP group represents diversity present in major breeding pools used to create the 
modern hybrids sold commercially during the past 25 years in North America (NA)  (Patent 
Variety Protection, PVP, Mikel and Dudley 2006). 
For each genotype, sRNA libraries were made from RNA extracted from pooled shoot 
apices, multiplexed and sequenced using the Illumina sequencing by synthesis platform.  After 
processing the data and combining sequences across the libraries (See Materials and Methods), 
we identified a set of 492,831 distinct sRNAs representing 545,625,760 reads.  To identify a 
dataset of high confidence LTR-siRNAs, we filtered out sRNAs mapping to non-LTR-
retrotransposon class I TEs, class II TEs, microRNAs, other small non-coding RNAs, rDNA and 
tRNA.  The remaining 21-24-nt siRNAs were aligned to 1,149 sequences compiled from various 
repeats databases (see Materials and Methods) that represent 405 LTR-families identified in the 
maize genome by Baucom et al. (2009).  siRNAs with at most 1 mismatch to a retrotransposon 
sequence and alignment to only one family were retained, creating a dataset of 59,748 distinct 
siRNAs representing 69,974,137 reads. Table 4.2 shows the summary for sRNA sequencing 
statistics, data processing and LTR-siRNAs for each library.  Each family’s total short (21-22-nt) 
or long (23-24-nt) siRNA abundance in reads per million (rpm) was calculated by summing the 
abundances of distinct short or long siRNAs mapping to its family members.  Sequences aligning 
to more than one family member were included once. 
The genotypes have high rank correlations for mature miRNA abundances (Fig. 4.1), 
indicating they were sampled at similar developmental stages.  To avoid issues with comparing 
genotypes’ siRNA abundances due to epigenetic reprogramming that occurs in maize leaves 
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during vegetative phase change (Li et al. 2010), we sampled shoot apices before the genotypes 
transitioned from the juvenile to adult stage as shown by low expression of microRNA172 (Fig. 
4.2) (Lauter et al. 2005). 
 
High copy LTR-families produce the most LTR-siRNAs 
In the maize shoot apex, the default siRNA activity for a LTR-family is to produce a low 
level of 23-24-nt siRNAs (long siRNAs) (Fig. 4.3A).  Forty-five percent of the 405 families have 
an average abundance across the libraries of less than 1 rpm (n = 48 libraries).  Highly active 
families in maize are less common as only 10 families have an average abundance above 1000 
rpm.  Compared to long siRNAs, few families in maize produce a majority of 21-22-nt siRNAs 
(short siRNAs) (> 75% of family’s total rpm).  However, many of these short siRNAs are 
produced by the highly active families, so the total abundance of the two size classes is similar in 
the shoot apex (long- 1,096,439 rpm; short- 1,018,658 rpm) (Figure 4.3B).  Characteristics of the 
maize LTR-families have been previously described for the B73 genome (Baucom et al. 2009).  
We found that the total Megabases of homologous DNA in the maize genome and the average 
insertion date into the genome differentiates families with or without siRNA activity in the B73 
libraries (Fig. 4.3C).  Families with at least 100 rpm in B73 have large amounts of homologous 
DNA (5.5 Mb <    < 91.6 Mb, α = 0.001) and inserted into the genome around 1 million years 
ago (mya).  Families with little to no activity in B73 (< 1 rpm) have small amounts of 
homologous DNA (0.035 Mb <    < 0.22 Mb, α = 0.001) and a wider range of average insertion 
date.  Other factors must also regulate family siRNA activity because many high copy families 
have abundances below those of families with less than 1 Mb of total homologous DNA. 
 
LTR-family siRNA abundance varies among genotypes 
The siRNA abundance of a LTR-family may depend on genetic background, so we 
compared the average abundances of short and long siRNAs for 50 families that had at least 100 
rpm in one genotype.  Fig. 4.4 shows a wide range of LTR-siRNA activity that depends on the 
family, genotype and siRNA length.  Overall, the families’ short siRNA abundance is more 
variable across maize than their long siRNA abundance and the two clearly do not correspond.  
Short siRNA abundance activity varies across maize for families with high and low levels of 
total siRNA abundance; whereas, the highly and moderately active families have more 
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comparable levels of long siRNA abundance across maize.  The high activity families produce 
short siRNAs in all of the lines but these amounts can vary greatly.  The moderately active 
families show variation for short siRNA abundance across maize that resembles presence and 
absence variation.  Some of the least active families show presence and absence variation for 
both long and short siRNA abundance. 
The differences first described for B73 and Mo17 for LTR-family accumulation may not 
adequately describe the variation present in maize (Barber et al. 2012), so we performed one-way 
ANOVA tests using the average abundance of the 50 families for the five replicated genotypes 
(B73, Mo17, Mo18W, Oh43 and PH207).  As expected, these genotypes’ siRNA abundance 
significantly varies for cinful-zeon, giepum and grande (FDR-corrected p-value < 0.01), which 
were previously found to vary between B73 and Mo17.  Across the genotypes, B73 has one of 
the highest levels of cinful-zeon short siRNA activity, but the lower Mo17 level of activity is 
more common in maize and PH207 has a further reduced level of activity (Fig. 4.4; Tukey HSD, 
99% family-wise CL).  Interestingly, IHP1 also has this low PH207 level of activity, but ILP1 
does not.  Mo17 has a higher level of giepum short siRNA abundance than B73, but Mo18W, 
Oh43, PH207 have even lower levels, like many maize genotypes (Tukey HSD, 99% family-
wise CL).  For grande, the genotypes are split between having little to no short siRNA activity 
like B73 and having high activity like Mo17.  We also found significant variation for families 
that do not differ between B73 and Mo17, like raider, whose highest short siRNA activity is in 
Oh43 (Tukey HSD, 99% family-wise CL).  In total, 20 and 24 families significantly varied for 
long and short siRNA abundances respectively (FDR-corrected p-value < 0.01; Table 4.3). 
 
cinful mRNA expression following hybridization of B73 and PH207 and inbreeding of 
B73xPH207 
 Previously, cinful mRNA levels in B73 and Mo17 were shown to track the differences in 
LTR-siRNAs between the genotypes (Barber et al. 2012).  To determine how hybridization and 
inbreeding affect cinful mRNA expression levels, we investigated F2 and F6 genotypes derived 
from B73xPH207, a cross of two genotypes that greatly differ in their cinful-zeon siRNA 
abundances (Fig. 4.4).  It should be noted that the cinful and zeon families were previously 
considered as separate families but were grouped into one family in the most recent classification 
of maize LTR-retrotransposon families (Baucom et al. 2009).  From field grown maize, we 
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collected developing ear tissue when the twelfth leaf had fully expanded (i.e., V12) for B73, 
PH207, their hybrid, 9 randomly selected B73xPH207 F2 individuals from a larger population 
and 6 B73xPH207 F6 lines that were generated through single seed descent starting at the F2 
generation (F6:F2).  Similar to Barber et al. (2012), we found that the genotypic differences in 
siRNA abundances were in the same direction for mRNA levels, with B73 having significantly 
higher cinful mRNA levels than PH207 (Fig. 4.5).  However, unlike previous results, we found 
that the hybrid has cinful mRNA levels similar to the low parent.  After selfing this hybrid, there 
is a range of cinful mRNA levels which includes F2 individuals below the low parent and 
individuals similar to both parents.  Among the F6:F2 lines, cinful mRNA expression levels are 
either below or similar to PH207. 
 
LTR-siRNA variation is not correlated with genomic copy number or distribution 
 An explanation for the genotypic variation in LTR-family siRNA abundance could be 
differences in the total amount of family DNA between the genotypes.  We compared family 
copy number (Chia et al. 2012) and siRNA abundances for 22 of the genotypes and found that 
the data do not support the hypothesis.  First, families have a greater median CV for siRNA 
abundance than DNA reads per kilobase of exon model per million mapped reads (rpkm) (110%, 
20%).  Second, only 9 families have a significant correlation between DNA rpkm and the 
abundance of short siRNAs (1 family, 102 tests) or long siRNAs (8 families, 306 tests) (FDR-
corrected p-value < 0.01).  Moreover, these LTR-families have low amounts of homologous 
DNA in the B73 genome and low siRNA activity (Table 4.4).  For example, the genotypic 
differences in siRNA abundances and DNA rpkm are not associated for a high copy family like 
grande (Fig. 4.6). 
 Because variation in LTR-siRNA production does not associate with the variation in total 
DNA content, the differences we observe among the genotypes may not result from genome 
wide siRNA activity of a family.  To test this idea, we determined if a family’s sequences in the 
genome differ in their potential to produce LTR-siRNAs.  In the B73 genome, we recovered 
repeat masked regions for the most active family, cinful-zeon, to measure its DNA distribution 
across the genome, to map siRNAs onto the sequences and to compare the two distributions.  
Fifty percent of the 85,144 cinful-zeon sequences in the B73 genome only have the potential to 
produce 10 rpm of cinful-zeon LTR-siRNAs in the B73 libraries and 28% of the total cinful-zeon 
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sequences do not have the potential to produce any of the siRNAs (Fig. 4.7A).  Additionally, the 
regions of the B73 genome containing the highest amount of cinful-zeon DNA sequences do not 
necessarily have the highest potential production of cinful-zeon LTR-siRNAs (Fig. 4.7B). 
 
Variation in LTR-siRNA profiles has a genetic component 
To determine if LTR-siRNA profiles can distinguish known population structures within 
our panel of maize diversity, we compared neighbor joining trees of genetic distance using 856 
SNPs (DG-SNP) and Euclidean distance (DE-LTR) using the short and long siRNA abundances for 
the 315 LTR-families with siRNA activity (see Materials and Methods).  For this analysis, we 
converted the long and short siRNA abundances for a family for a genotype into a percentage 
representing their contribution to the genotype’s total LTR-siRNA abundance because it 
improved the grouping of the biological replicates in the neighbor joining trees by correcting for 
variable total abundances of the LTR-retrotransposon siRNA populations (Fig 4.8). 
As expected, the DG-SNP tree shows separation of large groups of tropical and temperate 
lines (SS, NSS classifications), with the two sweet corn lines (P39, Il14H) clustered together 
within the temperate group (Fig. 4.9A).  The DE-LTR tree did not separate the tropical, temperate 
and sweet corn lines in a similar fashion indicating that variation in siRNA abundance does not 
follow these structures within the panel of lines (Fig. 4.9B).  The DE-LTR tree did not separate the 
SS and NSS groups and while SS lines grouped together in the DE-SNPS tree, they are found 
within a grouping of NSS lines.  This lack of separation of SS and NSS lines in both trees is 
likely due to this classification system oversimplifying NA hybrid corn breeding into two groups 
that were artificially isolated to exploit hybrid vigor.  As described in Mikel and Dudley (2006), 
NA hybrid corn breeding germplasm includes many different backgrounds, and in practice, the 
recombination between lines from different backgrounds to generate new lines and artificial 
isolation of these backgrounds to exploit hybrid vigor differed between breeding programs based 
on their available germplasm and goals. 
The DE-LTR tree separated lines used in NA hybrid corn breeding according to their 
germplasm background.  For example, B73, Mo17, Oh43, Oh7b, PH207 and PHG39 are 
considered major progenitors of these backgrounds (Mikel and Dudley 2006) and fall within 
different groups on the tree.  It is interesting that PHG39 groups with a large number of tropical 
lines because it represents a background used primarily to introduce genetics from outside NA 
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(Mikel and Dudley 2006).  Although, the DG-SNP and DE-LTR differ in most of their groupings of 
genotypes, there are notable similarities and differences based on the lines’ germplasm 
background and pedigree.  In both trees, PHG47 groups with Oh43, which is expected because 
its background is Oh43; whereas, in only the DG-SNP tree, PHG84 is present in the same group 
with Oh7b, which is expected because its background is Oh7b (Figs. 3.9 A and B; Mikel and 
Dudley 2006).  The pedigrees of PH207 and PHG35 share a parent and the lines group closely 
together in the DG-SNP tree but are far part in the DE-LTR tree (Table 4.2).  PHG35 and PHG84, 
which share a parent in their pedigree, are far apart in both trees.  B73 and B97 and Ki3 and Ki11 
represent pairs of lines that were developed from the same breeding program but from different 
breeding populations as evidenced by their lack of genetic relatedness based on SNPs.  The close 
grouping of B73 and B97 and separation of Ki3 and Ki11 in the LTR-siRNA tree shows that 
different breeding projects within the same program can produce lines with similar or different 
LTR-siRNA profiles.  Although, the genetic background of IHP1 and ILP1 both trace back to the 
same open pollinated variety, they are separated into different groups in the LTR-siRNA tree. 
 
Discussion 
Variation in retrotransposon regulation 
We found that the accumulation of siRNAs from LTR-families dramatically varies in 
maize.  Families differ for total siRNA abundance and for abundance of each size class and these 
abundances can greatly vary across the lines (Fig. 4.4).  High levels of siRNA abundance were 
observed for members of copia and gypsy super families (ji and cinful-zeon), so these 
distinctions do not influence activity.  The variation in total abundance in part can be explained 
by the families’ total amount of DNA present in the genome, with low copy families generally 
having little to no activity of siRNAs and higher copy families having high activity (Fig. Fig. 
4.3C).  This finding fits with a previous report that RNA silencing of LTR-retrotransposons 
depends on copy number in Arabidopsis (Perez-Hormaeche et al. 2008).  However, copy number 
differences do not explain the large variation in family abundances we observed between the 
lines and the genetic variation in LTR-siRNA profiles does not follow the genetic variation 
described by SNPs (Figs. 4.7 and 4.9).  Therefore, retrotransposons are contributing an additional 
component of variation to the maize genome and since it is through the production of siRNAs 
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from highly repetitive elements, it represents a source of regulatory variation that could have 
outcomes that are genome-wide and difficult to predict. 
Across a subset of the genotypes, there was no correlation between the variations in copy 
number and siRNA abundance for LTR-families.  Additionally, the sequences of a family in the 
B73 genome have different potentials to produce siRNAs (Fig. 4.7).  Families with different 
preferences for chromosomal accumulation sites (cinful-zeon, grande, huck and ji) have high 
levels of siRNA activity (Fengler et al. 2007; Lamb et al. 2007; Baucom et al. 2009).  These 
results show that LTR-siRNA production is not a genome wide event that follows a family’s 
distribution or total amount of DNA.  It is also important to note that families may produce the 
different size classes of siRNAs in separate places of the genome.  Studies in Arabidopsis 
indicate that the production of short siRNAs from TEs represents epigenetic reactivation of the 
element (Martinez and Slotkin 2012), and we would not expect epigenetic silencing through 23-
24-nt siRNAs and epigenetic reactivation through 21-22-nt siRNAs to occur at the same locus.  
In Drosophila, specific genomic loci produce piwi-RNAs that regulate TEs (Brennecke et al. 
2007).  If something similar occurs in maize, it could be driven by insertion sites providing a 
new regulatory function for a subset of sequences of a family (Baucom et al. 2009).  The MuDR 
family of DNA transposable elements provides of evidence for this type of scenario because it 
contains a rearranged sequence called Mu killer that heritably silences other MuDR copies by 
producing a hairpin transcript that generates siRNAs that act in trans (Lisch 2012).  A LTR-
siRNA producing genomic region, such as sequences in sense and anti-sense orientations, could 
be generated through nested-retrotransposition, which is common throughout the maize genome 
(SanMiguel et al. 1996; Baucom et al. 2009).  High copy families might have high levels of 
siRNAs because the likelihood of creating such a region would be increased by the occurrence of 
thousands of insertion events.  Additionally, thousands of insertion events would increase the 
likelihood of a sequence landing in a highly expressed region of the genome.  Maize inbreds may 
not differ greatly in their total amounts of family DNA (Chia et al. 2012), but they do differ in 
the retrotransposition events their genome’s carry (Brunner et al. 2005; Wang and Dooner 2006).  
These scenarios could explain how genotypic differences in family siRNA production arise. 
Considering the importance of silencing retrotransposons, we would expect little variance 
in LTR-siRNA abundance across maize, which was observed for the long siRNA activity for 
most of the LTR-families (Fig. 4.4).  We would not expect bursts of short siRNA activity in a 
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subset of lines, which was observed for a number of families (i.e. grande, machiavelli, weki).  
The activity of TE-derived siRNAs is often assumed to be silencing the repetitive elements from 
which they are derived; however, recent studies show siRNA activity levels and steady state 
mRNA levels for retrotransposons do not have a negative relationship (Barber et al. 2012; Lee et 
al. 2012).  As reviewed in McCue and Slotkin (2012), TE derived siRNAs may have other 
functions, such as regulating gene expression through siRNA directed DNA methylation 
spreading to nearby genes or through a siRNA targeting a gene for post-transcriptional silencing, 
but it is also possible that most of them have no function.  In this study, we again found that 
retrotransposon short siRNA activity does not have a negative relationship with mRNA levels 
(Fig. 4.5).  Overall, short siRNAs abundances were more variable than long siRNA abundances 
across maize.  While many families produced long siRNAs and no short siRNAs (n = 212), 
relatively few families only produced short siRNAs (n = 7).  If some of these LTR-siRNAs 
regulate genes, then this result could reflect a way for maize to experiment with new sources of 
regulation without losing important epigenetic silencing of retrotransposons.  For example, high 
copy families may produce high levels of short siRNAs that can act post-transcriptionally 
because they are in gene poor areas of the genome (Baucom et al. 2009).  TEs are becoming 
increasingly recognized for their contribution of regulatory sequences to genomes (Rebollo et al. 
2012) and our study shows they provide a large source of siRNAs available to the maize genome 
for regulation.  Given the recent findings regarding TE derived siRNAs influencing gene 
expression in Arabidopsis, it reasonable to speculate that the variation we observed in LTR-
siRNAs could lead to different sets of genes being influenced among the maize inbred lines. 
 
Shaping genome-wide regulation 
Our analysis of genetic relatedness of the lines shows that the genetic variation for LTR-
siRNAs does not follow the genetic variation described by SNPs (Fig. 4.9).  The DG-SNP values 
separated the panel into groups of tropical, temperate and sweet corn lines according to the 
population structures due to photoperiod sensitivity and starch metabolism; whereas, the DE-LTR 
values did not separate the lines similarly.  For maize quantitative traits, photoperiod sensitivity 
is a moderately complex trait, involving 14 QTLs and one major locus (Hung et al. 2012).  
Therefore, selection on it could create genome wide regulatory variation, such as what we 
observe in the variation of LTR-siRNA abundances, and the authors note that some of the causal 
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genetic variation occurs in non-coding regions.  However, the DE-LTR tree suggests that the 
adaptation of maize through selection on photoperiod sensitivity did not affect the regulation of 
LTR-retrotransposons in maize.  Selection to create sweet corn inbred lines involves modifying 
starch metabolism through single gene mutations (Whitt et al. 2002), so it would not be expected 
to create genome wide regulatory variation.  Instead, our data suggests that the major way to 
separate LTR-retrotransposon regulatory variation is through artificial isolation due to a strong 
selective pressure.  IHP1 and ILP1 share the same open pollinated variety as their ancestor, but 
both were derived from breeding populations that were artificially isolated during a long term 
selection experiment for grain protein concentration (Table 4.1; Moose et al. 2004; Uribelarrea et 
al. 2004).  The different activities of cinful-zeon and giepum short siRNAs of IHP1 and ILP1 
suggests that artificial isolation can lead to the development of inbred lines with different 
regulation of their LTR-retrotransposons (Fig. 4.4).  In a natural population under stress, TE 
families are likely to spread through genetic drift in small populations (Jurka et al. 2007).  
Similarly, variation in TE regulation could become divided within a species due to population 
genetics. 
In NA corn breeding, the artificial isolation of the breeding populations was essentially 
random (Tracy and Chandler 2008) and involved few progenitor lines that contributed greatly to 
germplasm backgrounds (Mikel and Dudley 2006).  The DE-LTR tree separated the progenitor 
lines representing these germplasm backgrounds into different groups.  Moreover, the 
relatedness of B73, Mo17, Oh43 and PH207 displayed in the DE-LTR tree reflects the major 
selection pressure applied in NA hybrid corn breeding, to combine well with lines from the other 
breeding pool.  Although breeding programs had different available germplasm and goals, what 
they frequently had in common was the constraint of crossing an inbred line from the stiff stalk 
background (SS) to an unrelated inbred line from another background or a combination of 
backgrounds to exploit hybrid vigor.  B73 is the main progenitor of the SS background and this 
line still is the largest contributor of alleles to the germplasm background (Mikel 2011).  Given 
this genetic constraint, we would expect Mo17, Oh43 and PH207 to have LTR-siRNA profiles 
that differ and achieve high DE-LTR values relative to B73, which was observed (Figs. 4.4 and 4.9; 
Table 4.3).  For example, compared to Mo17 and Oh43, PH207 has significantly reduced short 
siRNA levels for the most active family in B73, cinful-zeon.  Also, B73, Mo17 and PH207 do 
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not differ in their levels of short siRNAs for machiavelli, raider and xilon but Oh43 has 
significantly higher levels. 
 
Regulatory variation within populations 
The development of new species and eukaryotic gene regulatory networks from the 
proliferation of TEs was first hypothesized by McClintock (1984) and Britten and Davidson 
(1969).  Much evidence supports these hypotheses showing that TE proliferation and regulation 
has the potential to contribute to speciation, crop domestication and improvement and to the 
development of regulatory networks in eukaryotes (Naito et al. 2006; Ungerer et al. 2006; 
Feschotte 2008; Xiao et al. 2008; Blumenstiel 2011; Studer et al. 2011; Ng et al. 2012).  Our 
findings raise the possibility that the siRNA regulatory variation produced by LTR-
retrotransposons in maize has contributed to the genetic variation used in NA corn breeding.  
Currently, integral lines to some commercial breeding programs were developed by selfing out 
of a hybrid cross between two lines from the NSS pool, one of which was a direct descendent of 
PH207 (Mikel 2011).  This observation is interesting because PH207 has a different regulation of 
cinful-zeon than the other progenitor lines of NSS germplasm backgrounds and Iodent 
germplasm had been exclusive to one company prior to this time (Fig. 4.4; Table 4.3).  Cinful-
zeon is one of the most active and variable families in maize and accounts for 9% of the maize 
genome (Baucom et al. 2009), so it may have a significant impact on the species genome 
biology.  Additionally, the results from our analysis of the cinful mRNA expression levels 
following hybridization of B73 and PH207 and inbreeding of B73xPH207 suggests that parental 
levels of retrotransposon activity can be restored during the inbreeding and selection of a new 
line (Fig. 4.5). 
If this variation in TE derived siRNAs contributes to genetic variation and phenotypes, 
then stratification of individuals from a greater population and continued isolation could be a 
way to harness it.  In NA corn breeding, this activity was done to take advantage of hybrid vigor 
(Tracy and Chandler 2008), which also occurs in other plants, animals and fungi.  The genetic 
architecture of this trait has not been attributed to specific loci and is hypothesized to involve 
allelic variation or dosage changes in regulatory genes or divergence in regulatory networks 
(Birchler et al. 2010).  Artificial isolation of populations may have been very effective at 
exploiting hybrid vigor in maize because of the species’ immense allelic variation (Buckler et al. 
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2006) and regulatory variation produced by LTR-retrotransposons, which was previously 
hypothesized (Barber et al. 2012).  Our findings also indicate that allelic variation and regulatory 
variation can change in similar or dissimilar ways within one breeding cycle.  For example, we 
observed lines improved through a breeding cycle grouping with their respective germplasm 
backgrounds, but we also observed two pairs of lines that shared a parent in their pedigree, with 
one pair grouping closely in only the DG-SNP tree and the other only grouping closely in the DE-
LTR tree (Fig 4.9).  Therefore, in the future, to understand or utilize quantitative traits, it may be 
useful to document regulatory variation, such as TE derived siRNAs, in addition to documenting 
allelic variation. 
 
Materials and Methods 
Plant materials and RNA isolation 
Twenty-four seeds of each genotype were sown in four separate 6"x 4.25" azalea pots (6 
seeds per pot) consisting of 1:1:1  soil:peat:perlite mix and grown in a greenhouse (Urbana, IL) 
under 16 h of light and 8 h of dark in January, 2011.  Three samples of three shoot apices were 
collected 14 days after sowing as previously described (Barber et al. 2012).  Biological replicates 
were grown under the same conditions at separate time periods in March, April or May, 2011.  
RNA was extracted using TRIzol reagent according to the manufacturer’s protocols (Invitrogen).  
Quantification and quality of checks of total RNA were performed by A260/A280 
spectrophotometry using a Nanodrop ND-1000 (Thermo-Fischer Scientific) and gel 
electrophoresis.  The total RNA of the three samples was pooled in equal amounts such that 
RNA used for the sRNA sequencing represented nine plants. 
 B73 and PH207 seed sources were increased in the summer of 2006 (Urbana, IL).  In the 
winter of 2006-2007, B73 and PH207 were grown in Puerto Rico and crossed to generate 
B73xPH207 hybrids.  The F1 seed was grown in the summer of 2007 in Urbana, IL and a few 
random plants per genotypic row were selfed and only one ear was saved.  F2 lines were grown 
in the summer of 2008 in Urbana, IL and a few random plants per genotypic row were selfed and 
only one ear was saved.  F3:F2 lines were grown in winter of 2008-2009 in Hawaii and a few 
random plants per genotypic row were selfed and only one ear was saved.  F4:F2 lines were 
grown in the summer of 2009 in Urbana, IL and a few random plants per genotypic row were 
selfed and only one ear was saved.  F5:F2 lines were grown in the summer of 2009 in Urbana, IL 
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and a few random plants per genotypic row were selfed and only one ear was saved.  In the 
summer of 2012, the following experiment was planted: 3 plots of 20 seeds of B73, PH207, 
B73xPH207, 9 plots of 20 seeds of B73xPH207-F2 individuals and 3 plots of 6 different 
B73xPH207 F2:F6 lines.  Developing ear tissue was collected at the V12 growth stage and 
measurement of cinful-zeon mRNA expression levels was performed according to Barber et al. 
(2012). 
  
sRNA library preparation, sRNA sequencing and processing of sRNA sequencing data 
sRNA libraries were prepared using the Illumina TruSeq Small RNA preparation kit.  For 
all samples, 10 μg of total RNAs were separated on 15% TBE-Urea polyacrylamide gels 
(Invitrogen).  Using a 10-bp ladder (Invitrogen), the sRNA fraction representing 10 to 40-bp was 
cut from the gel and obtained via elution.  sRNA libraries were constructed according to the 
manufacturer’s protocols.  Libraries were indexed with barcodes.  The quality and quantity of the 
libraries were measured using an Agilent DNA1000 kit, a Qubit dsDNA HS assay kit 
(Invitrogen) and a Kapa Library quantification kit for Illumina sequencing platforms.  Libraries 
were pooled in equal amounts according to their concentrations.  Seven lanes of a flow cell were 
loaded with the multiplexes of seven libraries.  Sequencing was performed on an Illumina HiSEq 
2000 system by the W.M. Keck Center for Comparative and Functional Genomics at the 
University of Illinois. 
The raw sRNA sequencing data were processed according to Barber et al. (2012).  Only 
sRNAs sampled at an abundance of at least 1 read per million in at least one of the libraries were 
included in the dataset.  Sequences were combined across the libraries to indentify an 
experiment-wide set of distinct siRNAs that was used for analyses.  The sRNA sequence data 
have been deposited in the Gene Expression Omnibus database. 
 
Bioinformatic analysis 
 Bioinformatic analysis of the sRNA data was performed using the procedures, tools and 
databases described in Barber et al. (2012) with the following additions and modifications.  LTR-
siRNAs were identified as follows.  sRNAs with a length between 21-24-nt and that mapped 
with at most 1 mismatch to class I and non-LTR-retrotransposon class II TEs, miRNAs, other 
small non-coding RNAs, rDNA and tRNA were first identified and removed from the dataset.  
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The following databases were used for this processing:  the miRBase miRNA registry (release 
15, http://www.mirbase.org/, accessed October 12, 2010) (Griffiths-Jones et al. 2008); the Rfam 
database (Version 8.1, http://rfam.sanger.ac.uk/, accessed October 2, 2008) (Griffiths-Jones 
2005; Gardner et al. 2009); the Arabidopsis tRNA database (http://gtrnadb.ucsc.edu/Athal/, 
accessed October 2, 2008), the  MIPS repeat database 
(http://ftp.maizesequence.org/current/repeats/, accessed April 13, 2012); MSU Zea repeats 
database (http://plantrepeats.plantbiology.msu.edu/downloads.html, accessed April 13, 2012) 
(Ouyang and Buell 2004); Genetic Information Research Institute Repbase 
(http://www.girinst.org/repbase, accessed April 13, 2012) (Jurka 2000); maize TE DB 
(http://maizetedb.org/cgi-bin/cgiwrap/maize/TE_search.cgi, accessed April 13, 2012).  The 
remaining 21-24-nt siRNAs were aligned to 1,149 sequences representing 405 LTR-families 
present in the maize genome (Baucom et al. 2009).  These LTR-retrotransposon sequences were 
compiled from the MIPS repeat database, MSU Zea repeats database, the Genetic Information 
Research Institute’s Repbase and the maize TE DB.  siRNAs with at most 1 mismatch to a 
retrotransposon sequence and alignment to only one family were retained.  A family’s total 
siRNA abundance in reads per million (rpm) was calculated by summing the abundances of 
distinct siRNAs mapping to its family members.  Sequences aligning to more than one family 
member were included once. 
 Positions of LTR-retrotransposon repeat-masked regions of the B73 genome were found 
using available repeats GFF files of the B73 genome (ZmB73_5a_MTEC+LTR_repeats.gff.gz; 
http://ftp.maizesequence.org/current/repeats/ZmB73_5a_MTEC+LTR_repeats.gff.gz).  




The DNA rpkm values estimated for the TE families in maize were obtained from Chia et 
al. (2012), and the characteristics about the LTR-retrotransposon families in maize were obtained 
from Baucom et al. (2009).  Statistical tests were performed using R statistical software version 
2.10.1 (http://www.r-project.org).  Correlation coefficients and significance values were obtained 
using the cor.test function.  One-way ANOVA tests were performed using the aov function.  
Tukey’s HSD tests were performed using the TukeyHSD function.  Student’s T-tests were 
86 
performed using the t.test function.  FDR correction of raw p-values for multiple hypothesis 
testing was performed using the p.adjust function with the Benjamini & Hochberg (BH) method.  
Euclidean distances based off LTR-family siRNA abundance (DE-LTR) and genetic distances 
based off of SNPs (DG-SNP) between lines were calculated similar to Frisch et al. (2010) with the 
following modification.  For DE-LTR, n genes were replaced by n families and the base-two 
logarithms of the transcript abundance were replaced by family long or short siRNA abundance.  
Moreover, prior to calculation of DE-LTR values, the long or short siRNA abundance for a family 
for each genotype was normalized into the percentage it represented of the genotype’s total 
siRNA activity.  Neighbor joining analysis maps for based on DE-LTR and DG-SNP values were 
constructed using the nj function in the ape package in R and written to nex files that were 
redrawn into phylogenetic trees using Dendroscope version 3.2.2 (Huson and Scornavacca 
2012).  Heatmaps for comparison of family abundances between genotypes, for chromosomal 
distribution of family DNA and siRNA abundance and grouping of lines according to DE-LTR 
values were constructed using the heatmap.2 function in the gplots package in R.  SNP data for 
each of the genotypes was provided by Edward S. Buckler and Michael D. McMullen to Richard 
G. Johnson as part of their work involved with the National Science Foundation Molecular and 
Functional Diversity in the Maize Genome project (http://www.panzea.org).  Missing data points 
for markers were imputed based on the flanking markers’ genotypes by Richard G. Johnson.  
Elsewhere, basic data processes were performed in Microsoft Excel workbooks, version 2007 




Table 4.1. List of genotypes and their classifications. 







B73 Inbred NAM SS Iowa Stiff Stalk Synthetic C5 
Flint-Garcia et al. 
2005 70373 PI 550473 2 
B97 Inbred NAM NSS BSCB1(R)C9 
Flint-Garcia et al. 
2005 60036 PI 550473 1 
CML103 Inbred NAM Trop Pop. 44 
Flint-Garcia et al. 
2005 60096 PI 564682 1 
CML247 Inbred NAM Trop Pool 24 (Tuxpeño) 




CML277 Inbred NAM Trop Pop. 43 = La Posta (Tux.) 
Flint-Garcia et al. 
2005 60186 PI 595541 1 
CML333 Inbred NAM Trop Pop. 590  
Flint-Garcia et al. 
2005 60152 PI 595550 1 
CML52 Inbred NAM Trop Pop. 79 = STA ROSA 




CML69 Inbred NAM Trop 
Pop. 36 = Cogollero 
(Caribbean) 
Flint-Garcia et al. 
2005 60159 PI 595561 1 
Hp301 Inbred NAM Pop Supergold 
Flint-Garcia et al. 
2005 60040 PI 587131 1 
IHP1 Inbred LTS Other Burr White OPV Moose et al. 2004 25180 
 
1 
Il14H Inbred NAM Sweet White Narrow Grain Evergreen 




ILP1 Inbred LTS Other Burr White OPV Moose et al. 2004 55912 
 
1 
Ki11 Inbred NAM Trop Suwan 1 




Ki3 Inbred NAM Trop Suwan-1 (S) C4 




Ky21 Inbred NAM NSS Boone County White 





Table 4.1. (cont.)  
 
LH1 Inbred PVP SS (B37 3 Holden line 644) x B37 
Mikel and Dudley, 
2006 60144 PI 644101 1 
LH123 Inbred PVP Other Pioneer Hyb 3535 
Mikel and Dudley, 
2006 60100 PI 601079 1 
LH82 Inbred PVP NSS Holden line 610 x LH7 
Mikel and Dudley, 
2006 60061 PI 601170 1 
M37W Inbred NAM NSS/Trop 21A^2 Jellicorse 




Mo17 Inbred NAM NSS C.I.187-2 x C103 
Flint-Garcia et al. 
2005 60077 PI 558532 3 
Mo18W Inbred NAM NSS Wf9 x Mo22(2) 
Flint-Garcia et al. 
2005 60167 PI 550441 4 
MS71 Inbred NAM NSS A619 x R168 




NC350 Inbred NAM Trop (H5 x PioneerX105A) x H101 




NC358 Inbred NAM Trop TROPHY SYN 




Oh43 Inbred NAM NSS Oh40B x W8 




Oh7B Inbred NAM NSS [(Oh07 x 38-11)Oh07] 




P39 Inbred NAM Sweet Purdue Bantam 




PH207 Inbred PVP NSS PHG3BD2 x PHG3RZ1 
Mikel and Dudley, 
2006 60028 PI 601005 4 
PHG35 Inbred PVP NSS PHG3BD2 x PH595 
Mikel and Dudley, 
2006 60128 PI 601008 1 
PHG39 Inbred PVP SS PHA33GB4 x PHA34CB4 
Mikel and Dudley, 
2006 60132 PI 600981 1 
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Table 4.1. (cont.) 
 
PHG47 Inbred PVP NSS PH041 x MKSDTE C10 
Mikel and Dudley, 
2006 60032 PI 601320 1 
PHG84 Inbred PVP NSS PH848 x PH595 
Mikel and Dudley, 
2006 60083 PI 601321 1 
PHJ40 Inbred PVP SS PHB09 x PHB36 
Mikel and Dudley, 
2006 60010 PI 601322 1 
PHZ51 Inbred PVP NSS PH814 x PH848 
Mikel and Dudley, 
2006 60104 PI 601322 1 
Tx303 Inbred NAM NSS/Trop Yellow Surcropper 




Tzi8 Inbred NAM Trop TZB x TZSR 
Flint-Garcia et al. 
2005 60174 PI 506246 1 
Classifications: NSS, non-stiff stalk; Pop, popcorn; SS, stiff stalk; Sweet, sweet corn; Trop, tropical       







Table 4.2. sRNA sequencing statistics of Illumina flow cell and summary of sRNA datasets investigated for the study. 
2011 Shoot apex experiment After processing data to generate distinct sRNA dataset 
Lane Index Genotype Raw reads # Distinct sequences Raw Reads # of distinct LTR-siRNAs 
Raw 
reads 
1 ACAGTG Ki3 27,883,388 226,236 9,274,987 38,693 998,494 
1 ATCACG Oh7b 21,327,183 241,850 7,596,279 37,895 822,517 
1 CAGATC B73 bio. 1 34,765,158 229,170 12,104,146 39,894 1,681,260 
1 CGATGT Oh43 bio. 1 22,731,779 239,825 8,098,816 40,347 1,125,361 
1 GCCAAT Mo17 bio. 1 38,657,567 246,216 12,484,222 44,009 2,097,662 
1 TGACCA LH123 27,907,538 239,414 9,043,984 40,008 1,102,443 
1 TTAGGC PH207 bio. 1 55,128,785 253,358 17,636,695 40,930 2,060,573 
2 ACAGTG Mo17 bio. 2 34,159,965 253,010 11,452,329 42,869 1,367,659 
2 ATCACG IHP1 28,260,266 226,733 10,816,324 37,105 1,227,457 
2 CAGATC Oh43 bio. 2 31,939,165 239,608 11,602,409 39,562 1,458,698 
2 CGATGT PH207 bio. 2 31,799,398 241,235 11,526,262 39,189 1,310,544 
2 GCCAAT Mo18W bio. 3 33,388,769 235,078 8,498,476 38,559 963,308 
2 TGACCA PHG47 27,990,826 245,402 10,202,777 39,806 1,279,535 
2 TTAGGC CML103 34,326,215 250,218 12,400,926 39,531 1,669,304 
3 ACAGTG PHG35 33,398,101 247,197 14,032,149 39,242 1,504,846 
3 ATCACG Hp301 50,923,845 310,967 19,454,453 48,717 2,920,836 
3 CAGATC CML333 36,520,285 232,859 15,249,019 36,932 1,683,636 
3 GCCAAT PHG84 35,498,375 235,790 9,148,862 38,389 968,984 
3 TGACCA NC358 41,911,758 245,727 15,214,619 41,974 2,101,514 
3 TTAGGC Mo18W bio. 1 33,996,531 247,436 12,470,490 40,431 1,632,702 
4 ACAGTG NC350 32,681,598 229,396 11,910,540 37,369 1,428,352 
4 ATCACG Mo17 bio. 3 36,449,268 264,454 12,879,921 44,459 1,830,812 
4 CAGATC Oh43 bio. 3 32,623,139 244,595 12,720,824 40,876 1,474,878 
4 CGATGT ILP1 20,741,995 228,856 6,930,828 38,637 916,675 
4 GCCAAT MS71 31,081,961 240,506 7,898,262 42,044 1,095,058 
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4 TGACCA LH82 37,946,243 250,113 14,399,755 41,326 1,846,241 
4 TTAGGC PH207 bio. 3 38,060,146 263,466 13,442,800 41,051 1,721,058 
5 ACAGTG Mo18W bio. 2 30,715,293 293,804 10,915,775 44,516 1,559,458 
5 ATCACG CML69 32,323,645 246,035 12,620,630 43,358 1,847,803 
5 CAGATC LH1 38,406,512 249,192 14,593,058 39,812 1,853,859 
5 CGATGT PHZ51 24,040,818 239,941 8,923,239 42,520 1,218,995 
5 GCCAAT CML277 26,867,035 270,630 5,564,821 43,066 770,671 
5 TGACCA CML52 33,161,766 251,426 11,272,136 42,936 1,699,855 
5 TTAGGC P39 26,732,554 222,806 9,978,586 37,387 1,162,593 
6 ACAGTG B97 35,237,463 214,684 11,106,104 37,086 1,820,155 
6 ATCACG B73 bio. 2 36,436,365 270,229 13,521,808 44,606 2,123,997 
6 CAGATC PHG39 33,634,488 251,133 11,589,032 38,686 1,277,726 
6 CGATGT PH207 bio. 4 33,319,816 243,081 11,910,857 39,206 1,364,372 
6 GCCAAT Il14H 32,266,815 223,982 6,193,305 37,107 670,808 
6 TGACCA CML247 36,937,933 227,486 15,027,088 36,702 1,684,866 
6 TTAGGC Tx303 16,931,445 210,680 6,834,239 32,821 732,156 
7 ACAGTG PHJ40 18,445,872 224,721 6,749,902 37,052 753,909 
7 ATCACG Mo18W bio. 4 38,720,560  247,695   13,413,603 40,643  1,619,842 
7 CAGATC Ky21 27,766,354 238,128 10,187,851 40,020  1,378,460 
7 CGATGT Oh43 bio. 4 44,531,946 239,557 14,523,915 39,961 1,474,878 
7 GCCAAT Ki11 33,755,284 230,045 8,134,067 36,527 1,114,262 
7 TGACCA M37W 26,749,746 228,083 9,235,376 38,874 1,304,707 
7 TTAGGC Tzi8 40,668,227 243,360 14,839,214 37,210 1,923,007 
Combined datasets 1,579,749,184 487,886 545,615,616 59,748 66,648,484 
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Table 4.3. LTR-families with significant variation for long or short siRNA abundance 
among B73, Mo17, Mo18W, Oh43 and PH207. 
family 
significant siRNA size 
class (FDR corrected 
p-value < 0.01 
Tukeys HSD results, 99% Family-
wise CL 
ahoru long Mo18W > B73 
 
 
Oh43 > B73 
cinful long B73 > Mo17, Oh43, PH207 
debeh long Oh43 > B73, Mo17, Mo18W 
flip long Mo18W > Mo17, Oh43, PH207 
giepum long 
B73 > Oh43, PH207 
Mo17 > Mo18W, Oh43, PH207 
guhis long Mo18W > Oh43, PH207 
guwiot long 
B73 > Mo18W, Oh43 
Mo17 > Mo18W, Oh43 
PH207 > B73, Mo17, Mo18W, Oh43 
gyma long 
B73 > Oh43 
Mo18W > Oh43 
lute long Mo18W > B73, Mo17, Oh43, PH207 
milt long PH207 > B73, Mo17, Mo18W 
nuhan long B73 > Mo18W 
ruda long Mo18W > Mo17, Oh43, PH207 
tisy long Mo18W > B73, Mo17, Oh43, PH207 
ubid long Mo17 > B73, Mo18W, PH207 
ugymos long 
Mo18W > B73, Mo17, Oh43 
PH207 > Oh43, Mo17 
uwum long Mo18W > PH207 
vufe long Oh43 > Mo18W 
waepo long 
Oh43 > B73, Mo17, Mo18W 
PH207 > B73 
weki long PH207 > B73, Mo17, Mo18W, Oh43 
xilon long Mo18W > Mo17, Oh43, PH207 
ahoru short Mo18W > B73, Mo17, Oh43, PH207 
anar short 
Oh43 > B73 
Mo17 > B73 
Mo18W > B73 
cinful short 
B73 > Mo17, Oh43, Mo18W, PH207 
Mo17 > PH207 
Oh43 > Mo18W, PH207 
CRM1 short Mo18W > B73, PH207, Oh43 
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Table 4.3. (cont.) 
 
CRM4 short 
B73 > PH207 Mo17, Mo18W, Oh43 
PH207 > Mo17, Mo18W, Oh43 
dagaf short 
B73 > Oh43, Mo18W 
Mo17 > Oh43, Mo18W 
flip short Mo18W > B73, Mo17, Oh43, PH207 
giepum short 
Mo17 > B73, Mo18W, Oh43, PH207 
B73 > Mo18W, Oh43, PH207 
grande short 
Mo17 > B73, PH207 
Mo18W > B73, PH207 
Oh43 > B73, PH207 
gyma short Oh43 > Mo18W 
ji short Oh43 > Mo18W 
machiavelli short Oh43 > B73, Mo17, Mo18W, PH207 
nuhan short 
B73 > Mo18W 
Mo17 > Mo18W 
Oh43 > Mo18W 
PH207 > Mo18W 
opie short PH207 > B73, Mo17, Mo18W, Oh43 
raider short Oh43 > B73, Mo17, Mo18W, PH207 
ruda short 
B73 > PH207, Mo17, Mo18W, Oh43 
PH207 > Mo17, Mo18W, Oh43 
stonor short 
B73 > Mo17, PH207, Mo18W, Oh43 
Mo17 > Mo18W, Oh43 
PH207 > Mo18W, Oh43 
tekay short B73 > Mo17, Mo18W, PH207 
tisy short Mo18W > B73, Mo17, Oh43, PH207 
ubat short Oh43 > Mo18W 
vegu short Mo17 > B73, Oh43, PH207 
weki short PH207 > B73, Mo17, Mo18W, Oh43 
wiwa short B73 > Oh43, PH207 







Table 4.4. LTR-families with a significant correlation between long or short siRNA 





value <  0.01) 
Mb of homologous DNA in 
B73 (Baucom et al. 2009) 
Average 
abundance 
(n = 49) 
SEM 
finaij long 0.042 0.94 0.16 
nakuuv long 0.013 9.63 2.10 
ojav long 0.050 2.36 0.75 
okopam long 0.035 14.12 1.23 
sehoad long 0.036 0.74 0.17 
uhun long 0.038 0.90 0.16 
uvet long 0.029 3.56 0.67 
vedi long 0.293 10.10 0.79 
nakuuv short 0.013 0.28 0.09 














Fig. 4.1. Rank correlations of miRNA abundances between B73 and the 47 other sRNA 
libraries.  Rank correlations were calculated using the abundances of the 27 miRNAs present in 
the maize shoot apex.  The abundance of each miRNA was calculated by summing the 
























































































































































































































































































































































































Fig. 4.2. miR172 abundance for the 36 diverse genotypes.  Shown is the total abundance of 































































































































































































Fig. 4.3. Most maize LTR-families produce a low level of 23-24 nt siRNAs and a small group of high copy families produce a 
majority of the siRNAs.  (A) Shown are the number of LTR-families present in each group of experiment-wide average siRNA 
abundance (rpm), and if the families produce a majority (≥75% of  family total abundance) of long (blue) or short (red) siRNAs or do 
not produce a majority of either (purple).  (B) Shown is the percentage of total LTR-siRNA abundance accounted for by the long 
(blue) or short (red) size classes for the different groups of LTR-family siRNA activity.  (C) Shown is the average siRNA abundance 
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Fig. 4.4. LTR-siRNA abundance varies within and between families and among genotypes.  
Shown are log10 values of the genotypes’ abundances (rpm) of long (blue) and short (red) 
siRNAs for LTR-families with at least 100 rpm in the seedling shoot apex of one genotype (n = 
50).  For each family, the first two columns show log10 values of the average total abundance 
experiment-wide (purple) and the average siRNA length abundance experiment-wide.  Familys’ 
short and long abundances were calculated by summing all 21-22 and 23-24-nt siRNAs that 
aligned with at most 1 mismatch to a family member and that did not align to a member of 
another family.  For B73, Mo17, Mo18W, Oh43 and PH207, shown are log10 values of the 
genotypes’ average abundance for their biological replicates.  Blue or red asterisks next to the 
family’s name indicate that significant variation in short or long siRNA abundance was detected 





















































Fig. 4.5. cinful mRNA expression following hybridization of B73 and PH207 and 
inbreeding of B73xPH207.  Shown are ∆∆Ct values for cinful as the target gene and GAPDH as 
the reference for developing ears sampled at the twelfth leaf had fully expanded (i.e., V12) for 
each genotype.  Expression values are relative to B73 samples.  Error bars represent SEM of the 






















































































Fig. 4.6. Variation in grande LTR-siRNA abundance among inbred lines is not due to 
differences in total amounts of grande DNA.  Shown are grande long (blue) and short (red) 
siRNA abundances and copy number estimates in DNA RPKM (bars) for the genotypes.  grande 
short and long abundances were calculated by summing all 21-22 and 23-24-nt siRNAs that 
aligned with at most 1 mismatch to a grande family member and that did not align to a member 







































































































































Fig. 4.7. In B73, cinful-zeon genomic regions differ in their potential to produce cinful-zeon LTR-siRNAs.  (A) Shown is the 
percentage of cinful-zeon B73 genomic regions present in each siRNA abundance class.  (B)  Similar to Baucom et al. (2009), 
chromosomes were split into 1 Mb bins, and each bin is shown as the percent composition of cinful-zeon DNA (left of chromosomal 











10 < x < 100 
100 < x < 1000 
















Fig. 4.8. The biological replicates of B73, Mo17, Oh43, Mo18W and PH207 group together 
in neighbor joining tree built using Euclidean distances estimated from normalized siRNA 
abundances for LTR-families.  Shown is a neighbor joining analysis tree for the 48 sRNA 
libraries built from Euclidean distances (DE-LTR) estimated from long and short siRNA 
abundances for 315 LTR-families.  Prior to calculating DE-LTR values, the long or short siRNA 
abundance for a family for each genotype was normalized into the percentage it represented of 




Fig. 4.9. Genetic variation for LTR-siRNAs does not follow the lines’ genetic variation 
measured by SNPs.  Shown are neighbor joining analysis trees for the 36 inbred lines built 
using (A) genetic distances estimated from 856 SNPs (DG-SNPS) or (B) Euclidean distances (DE-
LTR) estimated from normalized long or short siRNA abundances for 315 LTR-families.  Prior to 
calculating DE-LTR values, the long or short siRNA abundance for a family for each genotype was 
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